A genomic study of soybean iron deficiency chlorosis by O\u27Rourke, Jamie Aileen
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2008
A genomic study of soybean iron deficiency
chlorosis
Jamie Aileen O'Rourke
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agricultural Science Commons, Agronomy and Crop Sciences Commons, and the
Horticulture Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
O'Rourke, Jamie Aileen, "A genomic study of soybean iron deficiency chlorosis" (2008). Retrospective Theses and Dissertations. 15824.
https://lib.dr.iastate.edu/rtd/15824
A genomic study of soybean iron deficiency chlorosis  
 
 
by 
 
 
Jamie Aileen O’Rourke 
 
 
 
 
A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
 
 
 
Major:  Genetics  
 
Program of Study Committee: 
Randy C. Shoemaker, Co-Major Professor 
Steve Whitham, Co-Major Professor 
Silvia Cianzio 
Thomas Baum 
David Hannapel 
 
 
 
 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2008 
 
Copyright © Jamie Aileen O’Rourke, 2008.  All rights reserved. 
3316180 
 
3316180 
 2008
 ii 
 
 
Dedicated to: 
To my parents, Tamia and Dennis, and my sisters, Kelly and Darcy. For always believing 
in and supporting my dreams and constantly inspiring me to be my best. 
 iii 
TABLE OF CONTENTS 
 
CHAPTER 1:  GENERAL INTRODUCTION      
Introduction          1 
Dissertation Organization        2 
Literature Review         5 
References          28 
CHAPTER 2:  MICROARRAY ANALYSIS OF IRON DEFICIENCY CHLOROSIS IN 
NEAR-ISOGENIC SOYBEAN LINES  
Abstract         36 
Background           39 
Results          40 
Discussion          44 
Conclusion          53 
Materials and Methods        54 
References         61 
CHAPTER 3:  RECOVERING FROM IRON DEFICIENCY CHLOROSIS IN IRON 
DEFICIENCY CHLORISIS IN NEAR-ISOGENIC SOYBEANS: A MICROARRAY 
STUDY  
Abstract          73 
Introduction          74 
Results          76 
Discussion          78 
 iv 
Materials and Methods        81 
References          85 
Chapter 4:  INTEGRATING MICROARRAY ANALYSIS AND THE SOYBEAN 
GENOME TO UNDERSTAND SOYBEANS IRON DEFICIENCY RESPONSE  
Abstract          94 
Introduction          96 
Materials and Methods        98 
Results          104 
Discussion          110 
Conclusion          119 
References           120 
CHAPTER 5: GENERAL CONCLUSIONS 
Conclusion          133 
Future Research          134 
References          135 
APPENDIX: SUPPLEMENTARY TABLES 
 Supplementary Table 1        137 
 Supplementary Table 2        138 
 Supplementary Table 3        173 
 Supplementary Table 4        187 
 
 v 
Abstract 
 Soybeans grown in the farmlands of the upper Midwest of the United States often 
suffer from iron deficiency chlorosis which results in end of season yield loss.  Previous 
studies in soybean have identified 19 Quantitative Trait Loci (QTL) regions with an 
association to iron deficiency chlorosis.  However, specific genes involved in the process 
of iron reduction, uptake and transport have not been identified in soybean.  Through the 
use of near isogenic soybean lines (NILs), Expressed Sequence Tag (EST) microarrays, 
and Affymetrix® GeneChips®, I have identified a suite of candidate genes putatively 
involved in the soybean iron deficiency response.  Single linkage cluster analysis of the 
candidate genes and genes known to be induced by biotic and abiotic stresses determined 
that under iron stress conditions, iron efficient soybeans initiate both a general stress 
response and an iron specific stress response.  Iron inefficient soybeans do not initiate a 
complete complement of either response.  We also determined that periods of iron 
deficiency stress have effects on soybean gene expression that continue after the iron 
deficiency is alleviated.  Candidate genes identified through Affymetrix® GeneChip® 
analysis confirmed both these results.  Candidate genes have been aligned with the 7X 
soybean genome sequence to identify 56 candidate genes from the iron efficient NIL and 
22 candidate genes from the iron inefficient NIL located within the previously identified 
QTLs. The hybridization data from the Affymetrix® GeneChips® were also used to 
identify single feature polymorphisms.  The identified sequence differences between the 
NILs have the potential to be developed as iron specific molecular markers.  The 
promoter regions of the candidate genes were bioinformatically mined to identify 
conserved motifs, most likely indicative of transcription factor binding sites involved in 
 vi 
soybean iron deficiency response.  These motifs can be used to query the genome 
sequence to identify additional genes, which might be involved in soybean iron 
deficiency chlorosis but were not identified by microarray analysis.  Finally, the genome 
alignment shows genes differentially expressed due to iron deficiency chlorosis are not 
randomly dispersed throughout the genome, but are instead clustered together.  This fact, 
taken together with the identification of conserved promoter motifs, suggests that the 
clustered genes are most likely coordinately regulated.  These analyses have provided the 
first suite of candidate genes for iron deficiency chlorosis in soybean.
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 Chapter 1.  General Introduction 
 
Introduction 
 
Iron is one of 17 essential micronutrients required for proper nutrition [1].  
Though humans only require between 10mg and 15mg of iron per day [1], in developing 
countries iron deficiency anemia affects approximately 43% of the population [2]. 
Legumes, rice, wheat, maize, and cassava are staple crops in these countries [3] with 
soybeans having the potential to provide substantial quantities of iron [4].  Increasing the 
iron content of soybeans and other staple crops will help reduce the prevalence of this 
widespread nutritional disorder.   
The top soybean producing states in the upper Midwest of the United States 
produced approximately 1,446 million bushels of soybeans in 2007 [5]. Soybeans grown 
on calcareous soils often suffer from iron deficiency chlorosis (IDC) [6-13].  Soybean 
IDC is characterized by yellowing of interveinal leaf tissue, stunted growth, and end of 
the season yield loss [8, 14].  In the upper Midwest farmlands, IDC has been implicated 
in yield losses of up to 25% [15], which translates to substantial monetary loss for 
affected soybean producers.   
Previous studies have identified soybean IDC as the result of both a major gene 
with minor modifying genes and as a quantitative trait [8, 10, 12].  QTL analysis of IDC 
has identified 19 QTL regions of significance within the soybean genome [10, 12, 16].  
One study identified a genomic region responsible for 25% of the chlorosis in one 
population but only 17% of the chlorosis in a second study [10].  Molecular marker 
studies have identified three markers  (Satt481, Satt114, and Satt239) that show a 
consistent association with IDC independent of environmental conditions [11, 17].    
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 Genes involved in iron reduction, uptake, and transport have been identified and 
characterized in model organisms such as rice and Arabidopsis [18-26].  However, these 
genes have not yet been isolated and identified in soybean.  The identification and 
manipulation of these genes, most likely through breeding programs, is imperative in 
improving soybean tolerance to iron deficient growth conditions and the iron content of 
the resulting soybean.  The focus of my research project has been to use EST microarrays 
and GeneChips® to better understand the soybean response to iron stress and to identify 
candidate genes involved in soybean iron deficiency chlorosis.  Coupling the candidate 
genes with the available genomic sequence has allowed us to better understand co-
expression and co-regulation in soybean through clustering and the identification of 
potential regulatory elements in promoter regions.   
Dissertation Organization  
This dissertation is organized into five chapters.  The first chapter contains a 
literature review covering the historical and current research in iron deficiency chlorosis 
in both soybean and model organisms.  Chapters 2, 3, and 4 are each in the form of a 
manuscript.  Chapters 2 and 3 have been published in BMC Genomics and Plant 
Physiology and Biochemistry respectively, while chapter 4 is in the process of being 
readied for submission.  Chapter 5 is a summary of conclusions reached throughout the 
course of all the experiments and recommendations for future research in the field.   
Chapter 2, Microarray analysis of iron deficiency chlorosis in near-isogenic soybean 
lines, was published in 2007 volume 8 of BMC Genomics [27].  Candidate genes 
involved in soybean iron deficiency response were identified through microarray analysis 
of RNA extracted from root tissue of near isogenic lines grown in iron sufficient and iron 
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 deficient hydroponics systems.  Clustering analyses determined that iron efficient 
soybeans induced both an iron specific and a more general stress response.  Iron 
reductase assays confirmed that the iron inefficient plant is unable to induce reductase 
activity under iron limited growth conditions. The increased reductase capacity of iron 
efficient plants and iron specific stress response is characteristic of iron efficient 
soybeans.  Contributions from co-authors were invaluable.  Michelle A. Graham carried 
out the bioinformatics analysis, including the single linkage clustering and gene 
annotation. Mike Grusak assisted in the reductase assays; Lila Vodkin assisted in the 
microarray analysis, while D. Orlando Gonzolaz produced the microarrays. All other 
experimentation, analysis and writing was performed by Jamie A. O’Rourke with the 
guidance and editorial assistance of Randy Shoemaker.   
 Chapter 3, Recovering from iron deficiency chlorosis in near isogenic soybeans: 
A microarray study, was published in Plant Physiology and Biochemistry volume 45 in 
2007 [28].  This study asked if soybeans subjected to a brief period of iron deficiency 
stress, but then returned to optimal growth conditions would still exhibit changes in their 
gene expression profiles.  Four EST transcripts remained differentially expressed after the 
elimination of iron deficiency stress, suggesting the iron stress conditions result in long 
lasting changes in gene expression.  The microarray results were confirmed by semi 
quantitative real time PCR analysis.  Contributions from co-authors included direction in 
microarray techniques and analysis from Lila Vodkin and D. Orlando Gonzalez.  
Michelle A. Graham performed bioinformatic analyses, including gene annotation.  Silvia 
Cianzio assisted in the drafting of the manuscript.  Jamie A. O’Rourke did all other 
analyses and writing with editorial assistance from Randy Shoemaker.   
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  Chapter 4, Integrating Microarray Analysis and the Soybean Genome to 
Understand Soybean's Iron Deficiency Response, is in the process of being prepared for 
submission.  This microarray analysis was performed with the Affymetrix® GeneChip® 
Soybean Genome Array using RNA isolated from leaf tissue of near isogenic soybeans 
grown in iron sufficient and deficient hydroponic systems. Analysis of the candidate 
genes in the structural context of the soybean genome revealed clustering of co-expressed 
genes in soybean, a phenomenon often reported in other species.  Analysis of promoter 
sequences of the identified candidate genes has identified two distinct and highly 
conserved promoter regions across 17 differentially expressed IDC genes.  Additional 
conserved motifs, with high homology to known transcription factor binding sites, were 
also identified in the promoter regions of differentially expressed genes in the iron 
efficient genotype, but not in the iron inefficient genotype.  Author contributions include 
genome sequence alignment and manipulation by Steve Cannon, Jeremy Schmutz, and 
Jane Grimwald.  David Grant performed the genome cluster analysis.  Michelle Graham 
and Rex Nelson did the bioinformatic analyses, with Dr. Graham performing the SFP 
identification, GO category over representation analyses, and writing custom Perl scripts 
for other various bioinformatic analyses.  Carroll Vance suggested the promoter analysis.  
All other work and writing was performed by Jamie A. O’Rourke with editorial 
assistance from Michelle Graham and Randy Shoemaker. 
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 Literature Review 
Iron Deficiency Chlorosis  
Soybean has emerged as one of the leading crop species in the world today. Like 
all crop species, the price of soybeans is dependent not only on the quantity but also on 
the quality and composition of the seeds.  This, in turn, is dependent upon the health and 
composition of the plant.  Since the introduction of soybeans into the United States, the 
U.S. has become one of the leading soybean producing countries, producing over 2,585 
million bushels annually [5].  The top five soybean producing states in the US are Iowa, 
Illinois, Minnesota, Indiana, and Ohio.  Combined, these five states produced 1,446 
million bushels of soybeans in 2007 [5].   
Soybeans grown in the upper Midwest states are often susceptible to iron 
deficiency chlorosis (IDC).  IDC was first identified as a problem in 20 soybean varieties 
introduced from Manchuria in1938 [7], and grown on calcareous soils. Calcareous soils, 
are characteristically defined by a pH between 7.5 and 8.5, calcium carbonate 
concentration of 10-14 g kg
-1
 in the surface 15cm, and DTPA-Fe concentrations between 
10 and 20 mg kg 
-1
 [9], are common in the upper Midwestern U.S.. Iron deficient growth 
conditions induce a characteristic chlorosis pattern in soybeans; interveinal leaf tissue is 
yellow or necrotic while veins remain green.    Severity of chlorosis is rated on a 5 point 
scale [8, 14]: 1, no yellowing; 2, slight yellowing; 3, moderate yellowing; 4, intense 
yellowing; and 5, severe yellowing with necrotic legions [8]. Visual symptoms are 
accompanied by various changes in the plant’s morphology and/or physiology.  For 
plants, iron deficient growth conditions result in low yield at the end of the growing 
season. Yield losses of up to 25% have been reported from producers, even among 
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 chlorosis-resistant soybean varieties [15].  This translates to substantial monetary loss 
for soybean producers.  In 2006, soybean producers made 20.4$ billion dollars [5]. A 
yield loss of 25% means soybean producers lost 5 billion dollars in 2006. In 2007, when 
beans approached $15/bu, the magnitude of this loss greatly increased.  As the 
agricultural importance of soybean increases worldwide, it becomes increasingly 
important to understand the genetic mechanisms controlling iron uptake, transport, and or 
storage that result in IDC.   
Iron Deficiency Importance  
 Iron is important for both plant and animal health. For plants, two stable redox 
states allow iron to serve as an electron acceptor in a variety of cellular processes 
including photosynthesis, respiration, and seed development. For humans, iron deficiency 
anemia is one of the leading nutritional disorders worldwide, affecting 43% of the 
population in developing countries [2].  Iron, zinc, iodine, and vitamin A have been 
identified as the micronutrients most prevalent in human malnutrition [1]. Humans 
require between 10mg and 15mg of iron a day [1].   In developing countries, legumes, 
rice, wheat, maize, and cassava are staple crops [3].  In an effort to combat nutritional 
disorders, the Harvest Plus Challenge aims to produce staple crops with doubled iron 
concentrations [1].   
Soybeans have long been regarded to have the potential to be natural iron 
supplements [4].  Soybean seeds contain an average iron concentration of 55 mg kg
-1
, 
with the majority stored in ferritin [2].  In plants, ferritin is a spherical protein that 
sequesters thousands of Fe
3+ 
ions, mostly found in the plastids, due to the high iron 
requirements of photosynthesis. The regulation of transcription of ferritin mRNA in 
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 soybean is the result of a unique promoter that binds a trans receptor to repress ferritin 
mRNA transcription when iron levels are low [29].  The specificity of the ferritin 
promoter reveals the difficulty in identifying iron homeostasis networks in plants.   
Strategy I and Strategy II  
 Iron represents approximately 5% of the mass of the earth’s crust [30] and is thus 
present in nearly all soils.  Most iron is bound in the soil matrix or forms insoluble ferric 
hydroxide precipitates [18] making it unavailable to plants.  These iron precipitates are 
made biologically available only through weathering [30].  Plants, however, are only able 
to utilize Fe
2+
 or Fe
3+
 ions.  The Fe
2+ 
ion contributes little to the total soluble inorganic 
iron concentration [30].   Environmental conditions can also limit the Fe
2+
 availability. 
Soils with a high pH have low levels of soluble iron.   
Plants have evolved two systems to facilitate iron uptake from the soil, strategy I 
and II [31] (Figure 1). All plant species, except grasses, utilize strategy I to mobilize Fe
2+
 
from the soil matrix.  Strategy I is characterized by a number of biochemical reactions 
including: I) the release of hydrogen ions from roots, ii) the release of reducing 
compounds from roots, iii) the reduction of Fe
3+
 to Fe
2+
 at the root surface, and iv) an 
increase in the organic acid (particularly citrate) in the roots [32] (Figure 1).  Additional 
adaptive measures include root morphology changes, root hair and transfer cell 
development, and an increase in the citrate concentration of phloem [33].     
 Strategy I plants secrete protons from the H
+
-ATPases in the plasmalemma to the 
root apoplast [30] (Figure 1).  Dicots have developed transfer cells, which are 
characterized by an enlargement of the plasmamembrane, which increases the number of 
plasmalemma H
+
 pumps [30].  The proton extrusion causes a depression of the pH, which 
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 facilitates iron reduction [30]. A root bound membrane reductase reduces the solubilized 
Fe
3+
 to Fe
2+ 
(Figure 1).  Reduced iron is then transported across the plasma membrane by 
an iron transport protein (Figure 1). Membranes of plants grown under iron deficient 
conditions show higher iron reduction power than those from plants well supplied with 
iron [30].  
Strategy II plants secrete ferric chelators, identified as phytosiderophores, to 
chelate Fe
3+ 
(Figure 1), which readily forms these organic complexes or chelates called 
siderophores. Phytosiderophores belong to the mugenic acid (MA) family [34] and are 
highly soluble and stable over a wide pH range.  In plants, phytosiderophores are secreted 
from the root tip a few millimeters behind the apex, in a diurnal pattern, usually in the 
mornings.  MAs are secreted as a monovalent anion, probably via a K
+
/MA
-
 symport 
[35], produced from three methionine molecules combined to form nicotianamine by 
nicotianamine synthase [34].   Nicotianamine can be further modified to form various 
MA derivatives. Each plant secretes its own specific set of MAs [35].  The entire 
iron:phytosiderophore complex is transported across the plasma membrane by specific 
transport proteins such as yellow-stripe1 in maize [34] (Figure 1).  
The onset of iron deficient conditions induces the up-regulation of reduction 
activity [31].  Reductase activity is usually restricted to the young, non-lignified root 
zones [33].  Because reductase activity is directly proportional to the root surface area, 
the up-regulation of reductase is often preceeded by the growth of root hairs [33]. In 
maize, iron deficient growth conditions have been shown to affect the process of 
photosynthesis [36].  Due to the iron requirement of chlorophyll b, the ratio of 
chlorophyll a/b increases, but the total chlorophyll content of the plant is reduced [36].  
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 The lack of iron affects the prevalence and stoiciochemistry of photosystems I and II, 
which leads to reduced activity of the electron transport chain [36].  Low level of 
photosynthesis results in low levels of carbon fixation, which will affect growth and 
yield.   
 
Yield Loss 
Chlorotic soybean plants are common in the farmlands of the upper Midwestern 
United States [8-10, 12, 14].  An increase in the chlorosis levels seen in the plant [14] 
results in a negative correlation with yield.  Every one unit increase on the chlorosis scale 
results in a 20% yield loss [14].  To mitigate this yield loss, researchers have been trying 
to understand the genetics underpinning this trait.  
The genetic regulation of IDC in soybean has been characterized as dependent 
both from a major gene with minor modifying genes [8, 12] and as a quantitative trait 
[10, 12].  Plant breeders have used breeding practices to improve soybeans iron 
efficiency, but success has been somewhat limited.  Complexity of this trait was re-
affirmed by the identification of a QTL responsible for 25% of the chlorosis in one 
population, but only responsible for 17% of the chlorosis in a second population [10].  
Additional QTL regions were identified in field studies [12].  These same QTLs were 
identified in plants grown hydroponically in a USDA greenhouse study using regulated 
nutrient solutions designed to limit iron availability [16].  The results of this study 
suggested the hydroponic system was a valid and more easily replicable system to 
investigate soybean iron deficiency chlorosis [16].     
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 Bicarbonate, high moisture, low temperature and high lime content all play a role 
in iron deficiency chlorosis [37].  Cool wet weather results in poorly aerated soils, 
allowing carbon dioxide to accumulate [37].  The build up of CO2 results in the 
alkalization of the soil, which promotes the oxidation and formation of the Fe
3+ 
ion. 
Bicarbonate allows the interactions of limestone, bulk density, water content, 
biodegradable organic matter, and soil drainage to increase soil CO2 levels, thus 
increasing soil HCO3
-
 [38].    In hydroponic solutions, the addition of bicarbonate causes 
increased chlorosis scores [38] [39].  Bicarbonate neutralizes the protons being released 
from the root system of the plant, thus blocking the reduction of Fe
+3
 to Fe
+2
 [40].  The 
pH of hydroponic solutions and severity of chlorosis can be adjusted by manipulating the 
bicarbonate concentration or CO2 levels [41]. High pH levels will often reduce the 
solubility of other nutrients such as calcium, copper, phosphorus and zinc [42]. However, 
calcareous soils often have a relatively moderate pH. Soil moisture, electroconductivity, 
DTPA-Cr and DTPA-Fe have been identified as significant predictors of soil attributes 
resulting in chlorotic soybeans [15].   
 
Mapping Soybean Genes Determining IDC 
The development of molecular markers [single sequence repeats (SSRs) and 
restriction fragment length polymorphisms (RFLPs)] in soybean allowed the first 
mapping of IDC QTLs in 1992 [10].  Markers explaining phenotypic variation were 
identified in one population, but were not significantly associated with iron efficiency in 
a second mapping population [10].  The disparity between populations and markers has 
proven to be a difficult problem to overcome throughout the years.  Utilizing 99 RFLPs 
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 and SSRs, QTLs on 6 molecular linkage groups (MLGs) were identified, all with minor 
affects, in a Pride B216 x A15 mapping population [12].   Ninety-seven RFLPs and SSRs 
identified a QTL on MLG N, accounting for 72% of the phenotypic variation in another 
mapping population, Anoka x A7.  The observations reinforced the idea that IDC may be 
controlled by two distinct genetic mechanisms [43].  Two QTLs on MLG I and N were 
identified in both the Pride B216 x A15 and the Anoka x A7 mapping populations, 
respectively [13].  No common molecular markers were present in both populations, 
precluding the use of marker-assisted selection (MAS) in breeding programs focusing on 
improvement of IDC resistance.  Due to the high environmental component of IDC, the 
same populations were grown in the hydroponics system previously described and 
evaluated using the same molecular markers.  Similar, though not entirely identical, 
QTLs were identified in both experiments [13], further validating the hydroponics system 
as an appropriate vehicle to expedite IDC research.  The use of hydroponics allows for 
multiple growth seasons within a short time span, in which the severity of the chlorosis 
can be controlled, and changes in the environmental conditions are minimal.   
SSR markers have also been used to select for IDC resistance.  Marker-assisted 
selection (MAS) found that marker association to IDC expression was dependent on 
geographic location [6, 11], further emphasizing the environmental impact in IDC 
symptomatology.  Using genotypic data increased the efficiency of selecting chlorosis 
resistant lines by up to two fold [6].  The study demonstrated the importance of utilizing 
an environmentally independent method to study IDC.  A second study, including 108 
SSR markers spanning 8 known IDC QTLs identified only 24 of the markers as 
polymorphic [11].  The remaining 84 markers were homozygous in the parental lines of 
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 the mapping population and thus not useful in screening for iron efficiency.  Of the 24 
polymorphic SSRs, only 3 showed an association with IDC.  Only one of these, Satt481 
showed a consistent association with IDC irrespective to environmental conditions. [11].  
The marker only accounts for 12% of the IDC variation [11], but it was the first marker 
identified as useful for breeding purposes.   
Recently, two additional markers have been identified that are associated with 
soybean IDC. Using two populations, each a collection of advanced breeding lines from 
the upper Midwest, association mapping identified Satt114 and Satt239 to account for 
10% and 18.3% of the chlorotic variability respectively [17, 41].  Using traditional QTL 
mapping with a bi-parental cross, a single locus may show a major effect in one 
population but not in another.  The structure of the population used in association 
mapping ensures a locus must show an effect in multiple lines to be considered 
significant.  Thus, association mapping identifies markers associated with the trait of 
interest in a population independent manner.  These markers should show broad 
applicability in screening for IDC susceptibility.  
 
Using Model Organisms to Identify Genes involved in Iron Deficiency 
ZIPs  & IRT 
Most of the information about iron uptake has been obtained from studies in 
Arabidopsis thaliana.  In Arabidopsis, iron transport has been identified as the rate-
limiting step in iron acquisition. Five percent of the Arabidopsis genome is thought to 
encode transporters, with 150 of those specific to cations [44].  Cation transporters are 
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 important in regulating the presence of toxic compounds within the plant.  They also 
serve an important role in signaling [44].   
The first gene identified specifically related to iron deficiency was called the iron 
response transporter gene 1 (IRT1) in Arabidopsis.  This gene was the first iron 
transporter cloned in plants or animals [19].  IRT1 expression is induced by iron deficient 
conditions in a root specific manner and is co-regulated with the plasma membrane iron 
reductase [19]. Plants with an irt1 mutation show specific developmental defects, 
including a reduced stacking of thylakoids into grana, lack of differentiation of palisade 
parenchyma in leaves, reduced number of vascular bundles in stems, and abnormal 
endodermal and cortex cells in the roots [20].  IRT1 was the founding member of the zinc 
response transporter (ZRT)-iron response transporter (IRT) like protein (ZIP) family [19].  
ZIP proteins are characterized by the transport of iron, zinc, and manganese [21].  This 
family has expanded to include 15 ZIP metal transporters (IRT1-3 and ZIP1-12) [45].  All 
members of the ZIP family have 8 transmembrane domains with a characteristic 
conserved histidine residue thought to be involved in heavy metal binding [22] and a ZIP 
signature sequence: 
{LIVFA}{GAS}{LIVMD}{LIVSCG}{LIVFAS}{H}{SAN}{LIVFA}{LIVFMAT}{LI
VDE}{G}{LIVF}{SAN}{LIVF}{SAN}. IRT1 is transcriptionally regulated by the 
availability of iron, zinc, and cadmium; and post-transcriptionally regulated by the 
presence of iron and zinc [21].  This suggests mineral uptake is a highly regulated process 
to prevent potentially toxic levels from accumulating within the plant.  
In Arabidopsis the IRT2 gene shows high (69% nucleic acid identity) sequence 
similarity to IRT1 but its protein is unable to transport manganese or cadmium [23]. IRT2 
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 is expressed in the external layers of the root.   IRT2 gene expression is two-fold lower 
than that of IRT1, suggesting IRT2 is a housekeeping gene in iron uptake and homeostasis 
[23].  Knockout studies of IRT1, IRT2, and IRT1 IRT2 have shown that 35S::IRT2 cannot 
restore a wild type phenotype to an irt1-1 mutant.  However, 35S::IRT1 restores near 
wildtype phenotype to an irt1-2 mutant [24], suggesting IRT1 is required for normal iron 
uptake and homeostasis, not IRT2.  IRT2 may function as an internal cellular relay for 
IRT1 [18].   IRT1 has also been shown to accumulate in flowers before pollination, 
suggesting IRT1 provides iron to pollen grains [18].  Expression levels of IRT1 in flower 
tissue is not dependent on iron availability, therefore it is most probably developmentally 
controlled [18].  
 ZIP genes are not unique to Arabidopsis.  IRT1 homologs have been identified 
and cloned in a variety of plant species including rice (OsIRT1) [25] and tomato (LeIRT1) 
[46] where it is recognized as an iron transporter induced by iron deficient conditions in a 
root specific manner.  In Medicago truncatula, six ZIP proteins have been identified and 
characterized [47].  The pea homolog of IRT1 (RIT1) preferentially transports Fe
2+
, but 
will also transport Zn
2+
, Cd
2+
, and other micronutrient metals if they are present in a high 
concentration [48].  Overlapping functions of ZIP proteins, though not fully redundant, 
emphasize the importance of proper iron homeostasis in maintaining plant health.    
 
Ferric Reductase Oxidase (FRO) 
Ferric chelate reductase is an important component of the strategy I response.  
Reductase ability of plant roots is a pre-requisite for iron uptake [49].  In Arabidopsis, 
FERRIC REDUCTASE OXIDASE (FRO) encodes the iron deficiency inducible ferric 
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 reductase oxidase [50].  The reduced iron can then be transported across the plasma 
membrane by IRT1 (discussed above).  There are eight identified FRO alleles in 
Arabidopsis. FRO1-FRO8 are expressed in different, though overlapping, tissues and are 
regulated by both iron and copper availability [50]. The FRO proteins are a subset of 
flavocytochromes [51] and are regulated by light in a tissue specific manner in response 
to developmental cues [52].  FRO genes have been identified in pea, tomato and yeast 
[53-55].  All eight Arabidopsis FRO family members contain a FAD binding site, a 
NADPH binding site, four invariant histidine residues, and 8 or 9 transmembrane  
helicies [50].  Despite their similar composition, the different FRO members are specific 
to different membranes. FRO2 is located on the plasma membrane, FRO3 and FRO8 
localize to the mitochondria, FRO7 localizes to the chloroplast, FRO6 localizes to either 
the chloroplast or the plasma membrane and FROs 1, 4, and 5 contain secretory pathway 
signal peptides [50].     
 Either iron reductase or iron transport would be the logical rate-limiting steps 
resulting in chlorosis in Strategy I plants. Increased reductase capacity has been 
associated with an increase in the redox potential, providing electrons for reduction [56].  
Transforming tobacco with yeast reductase (FRE2) reduced chlorotic symptoms 
compared to control plants [57] [58]. Transforming rice with a yeast reductase resulted in 
an 8% yield increase [59].   Expressing the Arabidopsis FRO2 in soybean alleviated 
chlorotic symptoms in plants grown in iron limited hydroponics environments [60].  
Increasing soybean reductase capacity prevented the loss of biomass often seen in 
soybeans grown in iron deficient hydroponics [60].  
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 MATE Genes 
 Multi antimicrobial efflux (MATE) proteins have also been found to play a 
valuable role in iron homeostasis.  MATE proteins export antimicrobial compounds 
produced by both pathogens and host plants from roots using proton motive force 
antiporters [61].  Fifty-six MATE genes have been identified in Arabidopsis [62], making 
this one of the most numerous gene families involved in the iron process.  MATE genes 
have been identified in many other species including maize and lupine.  
The Ferric Reductase Defective 3 gene (FRD3) has become one of the most 
widely studied MATE genes in Arabidopsis [26, 63, 64].  Plants containing the frd3 
mutation constitutively express all three components of the strategy I iron deficiency 
response, though they may have higher levels of iron than wild type plants [26].  FRD3 
has been shown to be involved in root to shoot metal translocation [63, 65]. Recently, it 
has been shown that FRD3 is a proton coupled citrate exporter on the plasma membrane, 
extruding citrate into either the xylem or the rhizosphere [64].  This coordinates with 
other MATE gene activities, specifically, NorM.  In bacteria, NorM pumps anti microbial 
agents out of bacterial cells in exchange for sodium [66] [67].  It is thought that FRD3 
transports an iron chelator required for proper iron localization (possibly citrate) [68].   
The accumulation of citrate and malate in leaves and roots of iron deficient plants 
coincides with an increase in proton extrusion.  In sugar beets, iron deficiency results in 
an increase in carbon fixation and oxygen utilization in root tissues [69].  An increase in 
carbon fixation is accompanied by an increase in phosphoenolpyruvate carboxylase 
(PEPC), cytosolic malate dehydrogenase (MDH), and citrate synthase (CS) activity [69].  
Under iron deficient conditions, phosphoenolpyruvate is converted to oxaloacetate by 
 17 
 phosphoenolpyruvate carboxylase (PEPC).  PEPC is converted to malate by cytosolic 
MDH, which is converted to citrate by CS.  This increase in glycolytic activity has also 
been seen in Arabidopsis [70] through microarray analysis.   
 
YSL 
 The use of strategy II allows graminacious plants to utilize both Fe
2+
 and Fe
3+
 
from the soil.  Strategy II plants are less susceptible to iron deficiency chlorosis than 
strategy I plants, which are limited to utilizing Fe
2+
.  Of particular importance to strategy 
II plants is the transporter, which moves iron phytosiderophore complexes into the plant.  
First identified in maize, the Yellow Stripe like protein (YS1) has been identified as the 
key component in iron uptake and transport for strategy II plants [71].  In maize, the YS1 
gene is expressed in the vasculature tissues of shoots and reproductive organs as well as 
in the roots [72].  This suggests maize YS1 serves a role in iron translocation within the 
plant.  Homologs of YS1 have been identified in other species, the closest being barley 
YS1with 70% identity [73]. 
 Though a model for strategy I iron uptake, Arabidopsis has eight independent 
homologs of YS1 termed Yellow Stripe Like, or AtYSL1 through 8 [74].  However, as a 
strategy I plant, Arabidopsis is unable to synthesize or transport phytosiderophores. 
Arabidopsis does contain nicotianamine (NA), a precursor in phytosiderophore 
production [74].   Though NA is ubiquitous across all plant species, MA synthase has not 
been identified in any dicot species to date [75].  AtYS1 through 8 proteins have been 
shown to transport Fe:NA complexes. NA has high binding affinity for many metals 
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 including Fe, Cu, Zn and Mg [74].  NA protects cells from oxidative damage by 
scavenging free Fe.    
YSL1 through 8 proteins in Arabidopsis transport specific metals.  AtYSL1 
specifically transports Fe while AtYS2 transports both Fe and Cu [76].  One of the AtYSL 
family’s most important roles may be in transporting iron from the vasculature tissue to 
the seeds [72].  Seeds of ysl1/ysl3 mutants have low iron content, resulting in low 
germination rates [77].  YSL2 and IRT gene expression are both dependent on the iron 
status of the plant, but are oppositely expressed.  YSL2 shows low expression levels in Fe 
deficient roots, but high expression in iron sufficient and iron re-supplied roots [74].  
Low levels of expression under low iron conditions support the hypothesis that AtYS-like 
genes function in iron storage or detoxification.   
 
Iron Specific Transcription Factors 
 Two types of transcription factors have been identified, which specifically interact 
with the promoter region of genes related to iron deficiency chlorosis. bHLH 
transcription factors were the first group shown to affect gene expression under iron 
deficient conditions.  The first bHLH transcription factor involved in the iron deficiency 
response was the Fe-deficiency Induced Transcription Factor 1 (FIT1) [78].  FIT1 
transcripts were identified in roots of iron deficient Arabidopsis plants and it was later 
shown to regulate the expression of IRT1 [78].  The FER protein has also been identified 
as a bHLH transcription factor involved in the iron deficiency response in tomatoes [79].  
In tomatoes, FER proteins are only essential in roots [80]. The gene functions at all iron 
concentrations thus suggesting it is involved in root physiology and development [80].  
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 Upregulated FER expression induces LeIRT, LeNRAMP1, and LeFRO [81], 
highlighting it’s importance in tomato’s iron deficiency response.  In addition to FIT and 
FER, there are 160 additional bHLH transcription factors encoded in the Arabidopsis 
genome [81].  These proteins are identified by their characteristic motifs; a short N 
terminal and two  helicies separated by a variable length loop [81].  Two additional 
bHLH proteins were highly up-regulated under iron deficient conditions, AtbHLH38 and 
AtbHLH39.  Sequence alignment identified a bHLH subfamily.  Composed of four 
genes, these transcription factors have an additional three amino acids in the second  
helix and share a conserved cystine residue in the variable length loop [81].  Over 
expression of these genes results in the synthesis and excretion of riboflavin from the 
plant roots.   
 In rice, a strategy II plant, the iron deficiency-response element factor 1(IDEF1) a 
transcription factor, which specifically binds to the iron deficiency-responsive element 1 
(IDE1) and confers tolerance to iron deficiency [82], was identified.  The IDEF1 
transcription factor is a member of the AB13/VP1 transcription factor family [82].  This 
family is a plant specific and known to be involved in abscisic acid signaling [82].  
IDEF1 binds to the CATGC sequence of IDE, known iron deficiency responsive cis 
acting elements [82].  IDEF1 up-regulation improves tolerance to iron deficiency by 
modifying the utilization of iron already within the plant [82].  This unique approach to 
iron deficiency may prove a more viable method for conferring tolerance.  
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Microarrays 
 The field of global gene expression assays (microarrays) emerged in the early 
1990’s with cDNAs spotted on nylon membranes.  Nearly a decade later, microarrays 
have evolved into an importaant genomics tool.  The ability to monitor the expression 
level of thousands of genes has exponentially increased the genetic data gathered from a 
single experiment.  Microarray experiments are designed as a method of broad discovery 
[83].  This widely adopted platform encourages ‘question driven’ experiments over 
‘hypothesis driven’ experiments.  However, the parallel assessment of gene expression of 
hundreds to thousands of genes in a single experiment is an excellent platform from 
which hypothesis can be based for future experiments.   
cDNA Arrays 
 The first modern microarrays were cDNA arrays, first developed in the mid 
1990’s.  Each glass slide was spotted with a few to many thousands of cDNA clones, 
usually derived from expressed sequence tag (EST) libraries. Each EST is a single pass 
sequence read of a cDNA clone. Arabidopsis and rice, which now have fully sequenced 
genomes, also have the largest EST libraries with approximately 620,000 and 1,100,000 
clones respectively.  Since most species do not have the luxury of a whole genome 
sequence, EST libraries represent the largest available resource of sequence data.  
Soybean has one of the largest publicly available EST libraries with almost 350,000 
clones [84]. The soybean community supported the development of cDNA arrays at the 
University of Illinois.  Initially, each slide had approximately 9,000 cDNAs represented.  
As the technology improved, the number cDNAs increased up to approximately 19,000 
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 cDNAs.  These microarrays have been used by a number of laboratories to examine 
traits from CO2 availability[85], somatic embryogenesis[86], pathogen response[87], and 
iron chlorosis deficiency[27, 28].  Microarrays allow a molecular approach to questions 
previously only asked in terms of molecular markers, classical genetics, and plant 
breeding.   Where before researchers could identify a region of the genome of 
importance, microarrays identify a suite of genes involved in or affected by the trait or 
condition being studied.  This provides the basis for future in-depth, targeted molecular 
research.   
Affymetrix Arrays 
 While cDNA arrays can be produced in a single laboratory or by a core facility, 
the commercialization of microarrays led to the development of a more sophisticated 
platform.  Affymetrix® GeneChips® have become the benchmark of microarray 
experimentation.  The photolithographic technology used by Affymetrix® allows 
millions of sequences to be present on a single GeneChip®.  The commercialized 
microarray also substantially decreases the chip-to-chip variation, which is a large source 
of variability in cDNA arrays.  The replicability of Affymetrix® GeneChips® has made 
them the industry standard against which all microarray experiments are judged.  Unlike 
cDNA microarrays, GeneChip® experiments use biotinylated cRNA as the experimental 
probe and only one RNA sample is applied to each GeneChip®.  Each sequence on a 
GeneChip® is composed of 11 independent perfect match and 11 mismatch 25mer 
probes.  The variety of probes is meant to increase sequence specificity and reduce cross 
hybridization of closely related sequences.  The specificity and replicability of 
Affymetrix® GeneChips® allows for the detection of changes in expression down to 1.25 
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 fold between experimental conditions.  To date, there are approximately 80 different 
Affymetrix® arrays representing 37 different species.  The human genome, sequenced in 
2003, has 14 unique GeneChips® available.  Of the plants, only Arabidopsis has multiple 
GeneChips®, with three currently available.   
 The sequences on the Affymetrix® GeneChip® Soybean Genome Array represent 
35,611 unigenes from soybean.  Additonally, due to input from the soybean community, 
the GeneChip® also contains 15,421 and 7,431 unigenes from Phytopthora sojae and 
Heterdoera glycines, two of the major pests in soybean.  The inclusion of P. sojae and H. 
glycine genes allows for more efficient study of infection and disease response.  The 
importance of simultaneously comparing pathogens and soybean gene expression can be 
seen in the research published using the soybean GeneChip®.  The effect of nematode 
infection on plant health has been the subject of five independent projects [88-93]; the 
responses to Asian soybean rust the subject of another[94].   
 Equally important to identifying genes affected by environmental conditions, or 
pathogen infection is classifying the differentially expressed genes.  Affymetrix® has 
provided preliminary annotation for probes with known information, available through 
NetAffx analysis center (http://www.affymetrix.com/analysis/index.affx).  Additionally, 
researchers with the USDA-ARS have compiled annotations for the sequences on the 
Affymetrix Soybean GeneChip (unpublished), publicly available at 
http://soybase.org/GeneChip.  Using BLASTX and TBLASTX [95] the sequences from 
which the Affymetrix probes were derived were compared to the UniProt database and 
the Arabidopsis genome gene calls (TAIR7, www.arabidopsis.org).  The top three 
UniProt BLAST hit and Arabidopsis best hit GO ontology, GO slim annotations, and 
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 PFAM for the identified coding sequence are available for download or query.  
Identifying the closest Arabidopsis homolog to the soybean gene in question allows 
inference about the function of the soybean gene.  
SFPs 
 Microarrays can simultaneously provide gene expression and genotypic data [96]. 
Having been used to perform whole genome expression studies for years, Affymetrix and 
long oligo microarrays are now being used to perform whole genome polymorphism 
studies [97]. Phenotypic variations, which are often the subject of microarray studies, are 
products of underlying DNA diversity [98].  Two individuals producing the same amount 
of RNA but containing a genetic polymorphism within DNA of a specific feature will 
give rise to differential hybridizations confined to the feature [99]. Variations in 
nucleotides are key to the development of molecular markers [98]. Researchers have 
taken advantage of the design of the Affymetrix® GeneChip® probes for purposes other 
than candidate gene identification.  Two emerging uses are the identification of single 
feature polymorphisms (SFPs) and eQTL analysis.  
The most frequent type of polymorphism observed in any organism is a single 
nucleotide polymorphism (SNP) [98].   However, SNP identification requires prior 
sequence information [98], which is not available for most species.  Similar to SNPs, 
SFPs represent sequence differences of more than one nucleotide [97].  The 25base pair 
design of the probe sets used by Affymetrix® provide an ideal platform to use in 
screening for SFPs.  There is little to no extra expense in mining existing microarray data 
to identify SFPs [96].  Sequences with base changes within the 25mer probe will show a 
reduced hybridization signal than those with a perfect match to the probe [98].  
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 Traditionally, few SNPs are identified throughout the genome.  However, the global 
analysis used to detect SFPs allows for SFP identification throughout the genome.  It is 
also more likely to identify a causal polymorphism for a trait using SFPs [97] due to the 
increased number of polymorphisms considered.  Regions of high recombination show 
high numbers of SFPs [97].  Additionally, genes involved in disease resistance show a 
high number of SFPs [97].  It may be possible to identify genes that are or were under 
selection by comparison of the SFPs within gene families [97]. Over half of the SFPs 
(59%) were encoded in cis-acting regulators and 36% were encoded in structural genes.  
The remaining 5% are encoded in trans acting regulators or duplicated genes [99].  
Polymorphic mutations preferentially accumulating in regulatory regions over protein 
encoding regions suggests an evolutionary conservation of structural gene sequence and 
favored adaptations by transcriptional regulation.   
Mapping with Microarrays  
In agriculture, the main purpose of QTL discovery is to eventually improve 
selection efficiency in breeding. A single QTL region may contain hundreds or thousands 
of candidate genes.  Using microarrays to identify genes with expression differences 
under different conditions can significantly limit the number of candidate genes 
considered for future experiments [100]. Combining microarray and QTL analysis is one 
method to understand the genetic control of gene expression [101] and has been termed 
genetical genomics [102].  The idea to use microarrays to identify QTLs (eQTLs) was 
first proposed in 2003 [103] but was not successfully reported until 2005 [104].  Using 
microarrays for QTL mapping can only be successful if some of the gene expression 
levels being measured by the microarray are under the genetic control of the QTL and if 
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 some of the heritable gene expression levels are related to the disease being studied 
[103].  If SFPs, as described earlier, and eQTLs can be identified by the same dataset, a 
physical link between the marker and gene can be established [99], the objective of all 
QTL experiments.     
Conclusion 
 The study of iron uptake, transport, and storage in plants is important in 
improving the nutritional quality of plants for human consumption and reducing yield 
loss in crop species.  The use of mutants in model organisms, such as Arabidopsis, 
expedited the identification of individual genes involved in iron reduction, transport, and 
translocation.  The complicated genome of soybean has precluded the identification of 
candidate genes through mutational analysis.  The use of marker assisted selection has 
identified a few markers which can be used to screen germplasms for iron efficiency, but 
individual candidate genes, which can then be used in breeding programs to improve iron 
efficiency, must be identified.  These candidates can then be assigned to biological and 
metabolic pathways to determine what biological processes within the plant are altered 
under iron deficient stress.  We must characterize soybeans’ response to iron deficient 
growth conditions to understand how to begin manipulating the response to improve iron 
efficiency.  
The release of the soybean genome should allow rapid progress in the molecular 
characterization of soybeans iron deficiency response.  In addition to identifying genes 
within previously identified QTLs, we need to identify SFPs that can be tested as markers 
in marker assisted selection.  We can use the genome to better understand the regulation 
of genes involved in soybeans iron deficiency response.  Are they all located in one place 
 26 
 in the genome, or are they scattered throughout the genome?  Do they share promoter 
regions, suggesting they may be co-regulated?  Global expression analysis and genomic 
sequence will significantly alter the way iron deficiency research is conducted in 
soybean.  Laboratory research will allow researchers to design experiments that 
maximize the potential of yearly field experiments to increase the iron content of seeds 
and minimize yield loss due to iron deficient growth conditions.    
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 Figure1:  Two Iron Uptake Strategies 
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Abstract 
Background 
Iron is one of fourteen mineral elements required for proper plant growth and 
development of soybean (Glycine max L. Merr.). Soybeans grown on calcareous soils, 
which are prevalent in the upper Midwest of the United States, often exhibit symptoms 
indicative of iron deficiency chlorosis (IDC).  Yield loss has a positive linear correlation 
with increasing severity of chlorotic symptoms. As soybean is an important agronomic 
crop, it is essential to understand the genetics and physiology of traits affecting plant 
yield. Soybean cultivars vary greatly in their ability to respond successfully to iron 
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 deficiency stress. Microarray analyses permit the identification of genes and 
physiological processes involved in soybean’s response to iron stress. 
Results 
RNA isolated from the roots of two near isogenic lines, which differ in iron 
efficiency, PI 548533 (Clark; iron efficient) and PI 547430 (IsoClark; iron inefficient), 
were compared on a spotted microarray slide containing 9,728 cDNAs from root specific 
EST libraries.  A comparison of RNA transcripts isolated from plants grown under iron 
limiting hydroponic conditions for two weeks revealed 43 genes as differentially 
expressed.  A single linkage clustering analysis of these 43 genes showed 57% of them 
possessed high sequence similarity to known stress induced genes.  A control experiment 
comparing plants grown under adequate iron hydroponic conditions showed no 
differences in gene expression between the two near isogenic lines. Expression levels of a 
subset of the differentially expressed genes were also compared by real time reverse 
transcriptase PCR (RT-PCR). The RT-PCR experiments confirmed differential 
expression between the iron efficient and iron inefficient plants for 9 of 10 randomly 
chosen genes examined.  To gain further insight into the iron physiological status of the 
plants, the root iron reductase activity was measured in both iron efficient and inefficient 
genotypes for plants grown under iron sufficient and iron limited conditions. Iron 
inefficient plants failed to respond to decreased iron availability with increased activity of 
Fe reductase. 
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 Conclusions  
These experiments have identified genes involved in the soybean iron deficiency 
chlorosis response under iron deficient conditions. Single linkage cluster analysis 
suggests iron limited soybeans mount a general stress response as well as a specialized 
iron deficiency stress response.  Root membrane bound reductase capacity is often 
correlated with iron efficiency.  Under iron-limited conditions, the iron efficient plant had 
high root bound membrane reductase capacity while the iron inefficient plants reductase 
levels remained low, further limiting iron uptake through the root.  Many of the genes up-
regulated in the iron inefficient NIL are involved in known stress induced pathways.  The 
most striking response of the iron inefficient genotype to iron deficiency stress was the 
induction of a profusion of signaling and regulatory genes, presumably in an attempt to 
establish and maintain cellular homeostasis.  Genes were up-regulated that point toward 
an increased transport of molecules through membranes.  Genes associated with reactive 
oxidative species and an ROS-defensive enzyme were also induced.  The up-regulation of 
genes involved in DNA repair and RNA stability reflect the inhospitable cellular 
environment resulting from iron deficiency stress.    Other genes were induced that are 
involved in protein and lipid catabolism; perhaps as an effort to maintain carbon flow and 
scavenge energy. The under-expression of a key glycolitic gene may result in the iron-
inefficient genotype being energetically challenged to maintain a stable cellular 
environment.  These experiments have identified candidate genes and processes for 
further experimentation to increase our understanding of soybeans’ response to iron 
deficiency stress.  
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Background 
 The ability of iron (Fe) to serve as an electron acceptor makes Fe a valuable 
cofactor in a variety of plant processes including photosynthesis, respiration, and seed 
development. In the soil matrix, Fe exists in one of two forms, Fe
2+
or Fe
3+
. However, 
many environmental conditions, including the high pH of calcareous soils, can result in 
little Fe
2+
 availability [1] [2] [3] [4]. To survive in iron limiting environments, plants 
have evolved two iron uptake strategies, Strategy I and II [5]. Dicot species, including 
soybean, utilize the Strategy I mechanism to take up the Fe
2+
 ion. Strategy I plants utilize 
an ATPase to secrete protons from the roots to acidify the rhizosphere [1] [6] [7] [8] [9]. 
This acidification aids in the release of Fe from chelating agents in the soil.  A root 
membrane reductase reduces the prevalent Fe
3+ 
ion to the biologically usable Fe
2+ 
ion.  
This Fe
2+ 
can then be transported into the roots of the plant where it is available for use in 
various cellular processes. For strategy I plants, the iron reduction by plant roots has been 
identified as the rate-limiting step in iron deficiency [10].  Strategy II plants, monocot 
species, release phytosiderophores from the roots that chelate Fe
3+
 ions.  The entire 
phytosiderophore iron complex is then transported into the root system of the plant.  
 Complex genetic and environmental interactions have made soybean IDC an 
extremely difficult trait to study in field trials [11] [12].  Low Fe availability exacerbates 
chlorosis levels in many cultivars.  This is true in the calcareous soils prevalent in the 
upper U.S. Midwest farmlands [12].    As plants are subjected to Fe deficiency stress, 
they respond in a characteristic manner.  Developing trifoliates exhibit interveinal 
chlorosis, growth is stunted, and yield is reduced.  Yield reduction has a positive linear 
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 correlation with increasing chlorosis levels [4].  To minimize the environmental effect 
on the plant phenotype, visual phenotypic studies have been conducted with plants grown 
in a nutrient solution hydroponics system. The hydroponics experiments identified the 
same QTLs identified in field grown trials [13] making this a viable system in which to 
study the effects of IDC on soybean while minimizing environmental effects. The 
comparison of expression profiles, via utilization of cDNA microarrays, of RNA from Fe 
efficient and inefficient soybean near isogenic lines (NILs) grown under Fe limited 
hydroponic conditions will identify differentially expressed transcripts related to iron 
stress. This will provide clues to the physiological differences between iron efficient and 
inefficient cultivars 
 
Results 
 Transcript levels of near isogenic soybeans, Clark (Fe-efficient) (PI 548533) and 
IsoClark (Fe-inefficient) (PI 547430) were compared by microarray analysis.  Plants were 
grown in Fe limited (50uM Fe(NO3)3) hydroponic conditions for two weeks.  RNA 
extracted from root tissue of both Fe efficient and Fe inefficient plants was fluorescently 
labeled and hybridized to soybean cDNA microarray slides, containing 9,728 cDNAs 
representing unigene libraries Gm-r1021 and Gm-r1083 [14], in a balanced dye swap 
design.  A comparison of three biological replicates, each with two technical replicates 
for a total of six hybridizations, identified 43 genes whose expression levels exceeded a 
two-fold difference (Tables 1 and 2).  Forty-two of the forty-three identified genes were 
over-expressed in the Fe inefficient line in comparison to the Fe efficient genotype, while 
a single gene was under-expressed.  
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 As controls, the NILs were also grown in Fe sufficient hydroponics solutions 
(100uM Fe(NO3)3) and analyzed on cDNA arrays containing the original 9,728 genes 
from root specific cDNA libraries examined plus an additional 9,272 genes from seed 
coat, seedling, cotyledon, flower, and pod cDNA libraries for a more global transcript 
analysis. An analysis of three biological replicates, with two technical replicates apiece 
for a total of six hybridizations, showed no genes with consistent differential expression 
between the NILs under Fe sufficient conditions.  Thus, the differential expression seen 
under Fe deficient conditions is likely a result of the differential response of the NILs to 
the Fe limited environment rather than inherent genetic differences between the NILs 
[15].    
Real Time RT-PCR experiments confirmed the expression patterns observed in 
the microarray experiments for nine out of ten randomly chosen genes (Table 3 with 
figures in supplemental data: [16]). These experiments confirmed that, for the genes 
tested, the Fe inefficient plants had higher levels of gene expression than Fe efficient 
plants (Table 3 and[16]). For four of the nine genes confirmed, the RT-PCR results 
showed greater differential expression between the NILs than was identified by 
microarray analysis. The RT-PCR experiments examined expression patterns of 
individual genes, as evidenced by the single peak in the melting curve analysis (data not 
shown), while hybridization-based microarrays do not necessarily distinguish between 
gene family members.  Three of the nine genes examined by RT-PCR clustered with 
known stress response genes while the other six genes analyzed by RT-PCR appear to be 
unique to soybean’s iron deficiency response (see below). 
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  To determine a probable function of the 43 differentially expressed genes, the 
GenBank accession of the Expressed Sequence Tag (EST) for the gene was queried 
against The Institute for Genomic Research (TIGR) database soybean gene index 
(Version 12.0) [17] to identify the tentative consensus (TC) sequence containing the 
respective EST.   The TC sequence was compared to the UniProt protein database 
(February 2006) [18] using BLASTX [19] and an E-value cutoff of E<10
-4
, to assign a 
putative function (Tables 1 and 2).  Eight of the forty-three sequences examined had no 
homology to the UniProt protein database.  Therefore, the eight individual EST 
sequences (Gm-c1028-8183, Gm-c1028-8336, Gm-c1009-2578, Gm-c1028-4530, Gm-
c1028-1850, Gm-c1028-5360, Gm-c1028-963, and Gm-c1028-4123) were queried 
against a database of available Soybean Whole Genome Shotgun (WGS) using 
megaBLAST BLASTN with an E-value cutoff of E<10
–100
 to identify genomic sequence 
that could extend the EST sequence.  Identical sequence reads which were at least 500 
nucleotides in length and shared 100% nucleotide identity to the EST were assembled 
into a multiple sequence alignment with the EST.  If any of the identified sequences 
extended the ends of the EST a new consensus was generated for the EST.  The new 
consensus was then compared to the UniProt database by BLASTX with an E-value 
cutoff of E<10
-4
 to assign a putative function.  
Genes known to be involved in the Fe deficiency response have been identified 
and characterized in model organisms such as Arabidopsis thaliana.  To determine if 
homologs of these genes were present on the soybean cDNA array, 33 members of six 
Arabidopsis gene families known to be involved in Fe uptake and homeostasis (IRT, 
FRO, FRD, FIT, NRAMP and YSL) were compared to the soybean EST database by 
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 BLASTN comparison (E<10
-4
).  Soybean EST sequences belonging to the Gm-r1021 
and Gm-r1083 libraries, and thus putatively represented on the cDNA array, were 
identified.  The soybean sequences were then compared (BLASTN) back to the 
Arabidopsis genome to determine if they were the reciprocal best match to the original 
Arabidopsis iron genes and likely functional orthologs.  This approach demonstrated that 
only one soybean ortholog of an Arabidopsis iron uptake gene was represented on the 
array.  Soybean EST Gm-r1083-2131 is the homolog of Arabidopsis Yellow Stripe-Like 
6.  However, this gene was not differentially expressed in the microarray experiment.    
A single linkage cluster analysis [20] was performed to identify any Fe induced 
genes with sequence homology (E<10
-4
) to other stress induced genes.  Twenty-four of 
the 43 Fe deficiency induced genes clustered with known stress-induced genes (Table 1). 
Most clusters contain only one Fe induced gene and a number of other stress induced 
genes.  However, one cluster was composed of only two genes (Gm-c1009-2900 and 
Gm-c1028-6890) which showed homology to each other and were differentially 
expressed under Fe deficient conditions, but show no significant homology to other stress 
induced genes. The remaining nineteen Fe deficiency induced genes showed no sequence 
homology to known stress induced genes, nor to the other Fe deficiency induced genes 
identified by the microarray experiment (Table 2).    
Because iron reductase is a fundamental component of Strategy I plants, but not 
represented on the cDNA array, we conducted root iron reductase experiments on both 
iron efficient and inefficient plants grown in hydroponic solutions 50 and 100uM 
Fe(NO3)3. This provided us with information on the physiological status of the plants for 
this enzyme activity. The iron efficient plant showed a statistically significant increase in 
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 root reductase activity from 0.2 to 0.7 umol Fe reduced per gram of fresh weight tissue 
per hour at 50uM Fe(NO3)3 (Figure 1). 
 
Discussion  
In calcareous soils iron-inefficient soybean genotypes often display symptoms of 
iron deficiency stress (interveinal chlorosis and reduced yield). These symptoms are 
exacerbated by the cool wet conditions prevalent in early spring. Under field conditions, 
if the young soybean plant survives the initial iron stress, the plant continues to grow, 
albeit slowly, and eventually, as the plant matures and the environmental conditions 
change, the phenotypic effects of iron stress disappear [21].  Soybean cultivars differ in 
their ability to respond successfully to iron stress. Results of this study have provided 
clues to understand some of the physiological differences between iron-efficient cultivars 
and iron-inefficient cultivars. 
In this study, NILs developed especially for their iron deficiency response by the 
USDA [22], were used in an established hydroponics system to compare gene expression 
profiles between iron efficient (Clark) and iron inefficient (IsoClark) NILs.  The NILs are 
phenotypically identical, except in their chlorotic response under iron stress conditions. 
Clark remains a healthy green under iron deficient conditions while IsoClark exhibits 
severe interveinal chlorosis.  
Growing the NILs in an established hydroponics system allowed for a comparison 
of gene expression profiles of the roots of iron efficient (Clark) and inefficient (IsoClark) 
plants to identify differentially expressed genes between the NILs to better understand the 
physiological responses of soybean to iron stress.  Most changes in gene expression 
 45 
 identified under iron-limited conditions are negated upon the re-supply of iron to the 
system [15], thus confirming these genes as induced by iron deficiency.  This comparison 
allows us to confidently report these forty-three genes as differentially expressed between 
the NILs in response to iron deficiency.  
 
Non-Induction of Iron Reductase Activity Under Iron Deficiency Stress in the Iron-
Inefficient Soybean Isoline 
Induction of the Fe(III) chelate reductase is a key iron stress response in Strategy I 
plants [23]. Without reductase activity, the available Fe
+2
 for uptake of iron into the root 
is extremely limited. Because the gene encoding iron reductase (FRO2) was not found on 
the cDNA array used in this study, we conducted an iron reductase assay to assess this 
uniquely-Strategy I response in both the iron efficient and inefficient genotypes. The iron 
inefficient genotype used in this study failed to respond to iron deficiency stress by 
induction of increased ferric reductase activity.  However, the iron-efficient genotype 
responded to reduced iron availability by increasing its ability to reduce Fe
+3
 to the usable 
Fe
+2
. Reduction of ferric iron by the roots is considered to be a limiting factor in 
successful response to reduced iron availability [10].  The lack of induction of the iron 
reductase in the inefficient isoline is likely a major factor contributing to the severe iron 
deficiency stress symptoms observed, relative to the iron efficient genotype. 
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General and Specialized Stress Response Genes are Involved in Soybean Iron 
Deficiency Stress Response  
 With the advent of microarray technology, researchers can now identify a broad 
range of genes that work in concert to protect the plant from abiotic and biotic stresses.  
While some genes may be specific to a particular pathogen, stress, or plant species, others 
may be part of a general stress response shared across multiple plant species or multiple 
stresses. We developed an in-house sequence database that contains genes identified from 
the literature that are significantly differentially regulated in response to abiotic or biotic 
stresses. Some of the sequences are differentially expressed in response to pathogen 
attack [24] [25] while the majority, are differentially expressed in response to a variety of 
abiotic stresses including oxygen deprivation [26], drought [27], salt stress [28] [29], Fe 
deficiency [30], oxidative stress [31], phosphate deficiency and others [32] [33] [34]. 
Included in this database are the 43 genes identified in our experiments as differentially 
expressed in response to limited Fe.  
A single linkage cluster analysis [20] was performed to determine if the genes 
identified as differentially expressed in our microarray experiment exhibited significant 
(10E
-4
) sequence similarity to genes differentially expressed under other abiotic stress 
conditions.  Twenty-four of the 43 identified genes showed significant sequence 
similarity to other genes whose expression levels are altered by some form of abiotic 
stress (Table 1).  The remaining 19 genes showed no sequence homology to known stress 
induced genes (Table 2).  These 19 genes may be unique to soybeans’ iron response. 
Three sequences show no sequence homology to any of the genes characterized in the 
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 UniProt database, or to other genes identified under iron limited conditions. The unique 
sequence of these three genes suggests they may be unique to legumes. The two 
groupings of genes (Tables 1 and 2) identified under Fe limited conditions suggest both a 
universal stress response and an Fe specific stress response are induced upon Fe deficient 
conditions.  
 
The Soybean Response to Iron Deficiency Stress  
Plants respond to iron stress through an impressive number of metabolic 
adaptations and adjustments. The iron-inefficient soybean isoline used in this study failed 
to respond to reduced iron availability by increased activity of Fe(III) chelate reductase. 
Thus, the reduced availability of the iron in the growth medium created a severe iron 
stress for the inefficient plants. 
The most striking response of the inefficient isoline to iron stress was the 
dramatic increase in transcripts of genes involved in signaling and hormonal regulation.  
Increased signaling is likely an attempt on the part of the stressed plant to maintain 
metabolic homeostasis in a decreasingly sustainable environment.  For example, MAP 
kinase and a SNARE protein are well known signaling proteins that were induced in the 
inefficient line.  In addition, RNA mediating genes for RNA methyltransferase and an 
RNA binding protein were also induced upon iron stress, as were several DNA-binding 
zinc finger protein genes and ethylene receptors.   
Ethylene is a signaling molecule often associated with root hair development, 
pathogen infection, wounding and other abiotic stresses [35] including iron stress [36] 
[37] [38]. In this study, transcripts encoding an ethylene receptor protein and two 
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 ethylene responsive transcription factors were up-regulated. These transcription factors 
are one of the largest families of transcription factors and can be induced by abiotic 
stresses [39]. A MAP kinase protein was also induced by iron stress in this study and has 
previously been shown to serve as a relay in the ethylene-signaling pathway [40].  
Another up-regulated gene, the response regulator protein, has been shown to be involved 
in ethylene and other hormone signaling [41].  The identification of so many genes 
(>16% of all transcripts identified) encoding ethylene response-protein gene transcripts 
under our experimental conditions strongly indicates the ethylene signaling pathway is 
involved in the soybean Fe deficiency stress response, probably serving a myriad of 
duties [42].   
The increase of signaling transcripts in the severely stressed genotype likely 
accounts for the up-regulation of genes involved in anion transport (endomembrane 
protein and the putative arsA Homolog hASNA-1) and an aquaporin protein. Aquaporins 
are known to be induced by iron deficiency and other abiotic stresses [43].  The induction 
of an aquaporin gene points toward the necessity for the cells to move nutrients and 
metabolites. Because of the ability of aquaporins to transport small molecules they may 
also be serving in the movement of additional cellular signals in stress pathways. 
UDP-glucosyltransferase calalyzes the transfer of a glucosyl group from UDP-
glucose to an acceptor molecule. UDP-glucosyltransferase has recently been shown to be 
a key enzyme in the production of isoflavones in Glycine max [44].  Because of the role 
of isoflavones in the soybean stress response the induction of this gene may simply 
reflect a generalized response to the iron stress. However, the induction of this gene may 
be indicative of glucosylation of proteins for export through cellular membranes, or 
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 synthesis of oligosaccharides from cellular starch or sugars [45].  Glucosylation of 
protein-linked oligosaccharides may protect them from degradation [46]. Because the 
endoplasmic reticulum is the main site at which glucosylation of oligosaccharides takes 
place, induction of an RER1-like gene (functions in returning membrane proteins to the 
endoplasmic reticulum (ER)) supports this scenario. 
A single aldolase gene, Fructose-bisphosphate aldolase, was under-expressed in 
the inefficient genotype relative to the efficient genotype. The uniqueness of this 
response under our experimental conditions warrants discussion. The reduced amount of 
this catalytic gene product may have several outcomes.  Fructose-bisphosphate aldolase is 
an early step in the glycolysis pathway. The products of this pathway are ATP and 
pyruvic acid (PVA). It is unlikely that suppression of this gene during severe iron stress 
and chlorosis means the inefficient isoline has an adequate energy source from 
photosynthesis and therefore does not require the breakdown of glucose. The possible 
slowdown of glycolysis could result in an energetically challenged cellular environment, 
thus contributing further to the iron stress. The lack of evidence for increased glycolysis 
would also suggest that glucose levels are not depleted, leaving that molecule available 
for other activities (see above). 
Although less supported, under-expression of the aldolase gene may result in 
failure to induce a critical iron homeostasis response in the inefficient genotype. The 
reduced amount of aldolase transcript in the inefficient genotype suggests this may not 
have been adequate to respond to reduced iron in the environment. Therefore, in addition 
to the lack of ferric reductase induction, maintenance of iron homeostasis within the cell 
may have been further impaired, compounding the iron stress placed on the plant.  This 
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 has important implications for understanding genetic variation in soybeans’ response to 
iron stress.  
These two results (lack of induction of ferric chelate reductase and reduced 
aldolase transcript) probably play major roles in creating the severe stress seen in the 
inefficient genotype. Most of the other differentially expressed transcripts can be 
explained by the soybean physiological responses to the stress. 
Under adverse environment conditions, such as iron stress, plants are known to 
produce reactive oxygen species (ROS). In this study, a peroxisomal copper containing 
oxidase was up-regulated in the inefficient genotype. Peroxisomal copper containing 
oxidase catalyzes the oxidation of amines to aldehyde, NH3 and H202 [47] . ROS such as 
H202 can cause damage to proteins and lipids [48]. The hydroponic conditions 
maintaining severe iron deficiency stress invoke the oxidative stress response. In a 
seemingly defensive reaction, the up-regulation of a peroxidase precursor points to the 
soybean plant responding to the increased ROS (H202) by increasing the amount of ROS-
scavenging enzyme(s).  This is not unusual. Other Strategy I plants, such as sunflower 
and sugar beet, also have been shown to respond to iron stress through changes in 
components of their antioxidative systems [49] [50].   
Several of the up-regulated genes in iron stressed roots identified in this study are 
related to the ubiquitin/ proteosome degradation pathway. These include ubiquitin, 
ubiquitin conjugating enzyme, and a 26S proteasoeme regulatory subunit.  The up-
regulation of genes in the ubiquitin/ proteasome pathway plus the up-regulation of a gene 
for phagocytosis and a cell motility protein suggests a breakdown of cellular membranes 
and general deterioration of cellular health of root tissue due to iron deficiency.    
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 Nutrient deprivation in plants has shown to induce both ubiquitin/proteasome 
and vacuolar degradation of proteins and lipids [43] [51]. Homologs of these genes in 
other species have been shown to be involved in recycling non-essential proteins and the 
utilization of the degraded products to maintain vital cellular function [52]. Ubiquitin 
conjugating enzymes have been shown to be induced under stress conditions [43] 
including heavy metal stress. The ubiquitin response has also been associated with the 
regulation and downstream signaling of resistance genes [53].  The by products of this 
catabolism are thought to be re-mobilized to sustain growth under stress conditions [51].  
The remobilization of the byproducts by the iron inefficient plants may provide carbon 
and nutrients to rapidly expanding leaves. Thimm et al. [54] suggested a similar 
physiological response to iron stress, to maintain carbon flow.  Garbarino et al [55] 
suggested abiotic stress results in improperly folded proteins, which are targeted for 
degradation by ubiquitinization.  Interestingly, one of the over-expressed genes in the 
inefficient genotype encoded a chaperonin protein and chaperonins are needed for proper 
folding of nascent proteins.  
The transcript for the ubiquitin conjugating enzyme was shown to be up regulated 
in iron inefficient plants under iron limiting conditions.  In other species this enzyme has 
been shown to require the interaction of zinc ring finger proteins. In this study, five zinc 
finger protein genes were induced in the iron-stressed genotype.  These zinc finger 
proteins may be acting as transcription factors in the regulation of the ubiquitin pathway 
in soybean, or they may be involved in the post translational modification of other genes 
known to be involved in iron homeostasis [56] [57] [58]. 
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 It is unlikely that protein and lipids are the only cellular components modified by 
the physiological conditions created from the iron stress. The increased expression of the 
2-oxoglutarate (2OG) Fe(II)-dependent oxygenase  suggest that the physiological 
changes brought about by iron deficiency stress has resulted in damage to DNA or 
modification of RNA and  the soybean plant is responding to those challenges by 
increasing DNA repair and RNA stability. The 2OGFe(II)-dependent oxygenase has been 
predicted to detoxify methylated bases of ssDNA and reverse methylase modification of 
RNA, thus creating less toxic base derivatives, and enzymes of this family are also 
known to catalyze the formation of the plant hormone ethylene [59].     
Many of the changes in transcript level observed in iron-stressed soybean 
correspond to general stress responses. For example, a TIR-NBS-LRR-TIR gene, a 
common motif in known resistance genes, was found to be up-regulated in the stressed 
iron-inefficient genotype. The over-expression of this gene suggests soybean responds to 
iron stress in a manner akin to the way it would combat pathogenic infection. Similarly, 
when iron-stressed, other plants such as Arabidopsis and rice, show expression changes 
of genes involved in wounding, abiotic and biotic stresses [60], as well as reproduction 
[61] [62]. These types of genes may all be members of common cascades involved in 
physiological stress responses.  
 It is important to note that four of the genes we identified in this experiment had 
no BLAST homology to the UniProt protein database (Tables 1 and 2). While this makes 
it difficult to determine their function, the fact that they are induced 2.9 to 3.5 fold, 
suggest they have very important roles and are worthy of further functional analyses. 
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Conclusion 
The use of cDNA arrays has allowed us to identify transcripts differentially 
expressed in soybean under Fe stress conditions. Some of the genes identified are similar 
to general stress response genes while others may be specific to Fe stress response in 
soybean. It is important to note that the genes found on the cDNA array used in this study 
represent only a small subset of the total genic component of soybean. As such, the genes 
identified as differentially expressed in this study represent only a fragmented snapshot of 
changes occurring in the soybean physiology in response to iron deficiency stress.  
However, we have been able to confirm and extend previous knowledge of 
soybean’s iron stress responses and draw important inferences for genetic and 
physiological differences between soybean iron-efficient and iron-inefficient genotypes. 
Relative to inefficient soybean genotypes, iron-efficient genotypes may have an increased 
ability to respond to reduced iron availability in the environment through efficient 
induction of iron reductase.  Root membrane bound reductase capacity is often correlated 
with iron efficiency.  In this study, under iron limited conditions, the iron efficient plant 
had high root membrane reductase capacity while the iron inefficient plants reductase 
levels remained low, further limiting iron uptake through the root.   Additionally, iron-
efficient genotypes may have an efficient induction of catalytic enzymes necessary to 
release ATP and provide a much needed energy source to help maintain homeostasis.  
Many of the genes induced in the iron inefficient NIL are involved in known 
stress induced pathways.  The most striking response of the iron inefficient genotype to 
iron deficiency stress was the induction of a profusion of signaling and regulatory genes 
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 in an attempt to establish and maintain cellular homeostasis.  Genes were induced that 
point toward an increased transport of molecules through membranes.  A suppression of a 
key catalytic gene suggests the iron-inefficient genotype may be energetically challenged 
to maintain a stable cellular environment.   
Many of the induced genes were obviously up-regulated in response to decreasing 
metabolic integrity and cellular damage.  Enzymes were induced that point toward 
production of protein and lipid-damaging reactive oxidative species and a concomitant 
induction of an ROS-defensive enzyme.  Genes involved in DNA repair and RNA 
stability were induced.  Other genes were induced that are involved in protein and lipid 
catabolism; perhaps as an effort to maintain carbon flow and scavenge energy.  These 
experiments have identified candidate genes and processes for further experimentation to 
increase our understanding of soybeans’ response to iron deficiency stress.   
These transcripts should serve as a starting point for future research to both 
understand and improve iron uptake and utilization as a step in improving overall plant 
health. Understanding the role these gene products play in soybean Fe metabolism could 
help alleviate yield loss for crops grown in calcareous soils.  Further manipulation of 
these genes could lead to higher Fe content or increased Fe bioavailability for soybeans 
and other Strategy I food crops.  
 
 Methods 
Near isogenic soybean lines (NILs) were developed by the USDA in 1972 [22] 
specifically for their response to Fe deficiency.  Fe efficient PI 548533 (Clark) was 
crossed with Fe inefficient PI 54619 (T203).  Progeny were selfed and resulting F2 plants 
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 were screened for Fe inefficiency.  The Fe inefficient progeny were backcrossed to the 
Fe efficient PI 548533 for six generations [22], resulting in an Fe inefficient plant with 
the Clark genetic background.  The Fe inefficient isoline was released as PI 547430 
(IsoClark) [22].  Both the Fe efficient PI 548533 (Clark) and Fe inefficient PI 547430 
(IsoClark) lines were grown in the Ames, Iowa USDA greenhouse under 16hr 
photoperiods.  Plants were germinated in sterile vermiculite with distilled deionized 
water.   After one week they were transplanted into a DTPA nutrient buffered 
hydroponics system [3] containing all minerals necessary for normal growth. 
Experimental 10L systems to induce Fe deficiency stress had 50uM Fe(NO3)3 Fe levels 
while systems for the control experiment contained 100uM Fe(NO3)3. Additionally, each 
10L system contained 2mM MgSO4*7H2O, 3mM Mg(NO3)2*6H2O, 2.5mM KNO3, 1mM 
CaCl2*2H2O, 4.0mM Ca(NO3)2*4H2O, 0.020mM KH2PO4, 542.5uM KOH, 217uM 
DTPA, 1.52uM MnCl2*4H2O, 4.6uM ZnSO4*7H2O, 2uM CuSO4*5H2O, 0.20uM 
NaMoO4*2H20, 1uM CoSO4*7H2O, 1uM NiSO4*6H2O, 10uM H3BO3, and 20mM 
HCO3.  A pH of 7.8 was maintained by the aeration of a 3% CO2: air mixture.  A 
supplemental nutrient solution containing 16mM potassium phosphate, 0.287mM boric 
acid and 355mM ammonium nitrate was added daily to maintain proper plant nutrition.  
To ensure the chlorosis was due to Fe deficiency stress, A15, an Fe efficient plant, and 
T203, Fe inefficient plant, were included with each experimental replication. Plants were 
grown in the hydroponics system for two weeks, until they reached the V3 stage [63], at 
which point tissue was harvested for RNA extraction.  This experiment was replicated 
three times, for three independent biological replicates, each with two technical 
replicates.  
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RNA Extraction and Microarray Hybridizations 
  Total RNA from Fe deficient plants was extracted from root tissue of three 
biological replicates, each with two technical replicates, for a total of six slide 
hybridizations using a modified phenol:chloroform extraction with a lithium chloride 
precipitation [14]. Total RNA for control samples was extracted from root tissue 
following the QiagenRNeasy protocol for three biological replicates each with two 
technical replicates for a total of six slide hybridizations.  All samples were composed of 
root tissue from four individual plants, all grown in the same hydroponic unit.  RNA 
purity was determined by spectroscopic readings at A260 and A280 and by formaldehyde 
gel visualization. Experimental samples were further purified using the RNeasy kits from 
Qiagen. Purified RNA was then re-analyzed to determine purity and final concentration.  
Each sample yielded 180 ug of purified RNA, 90ug of purified RNA was used for each of 
the dye swap pairs of cDNA slides.  The cDNA array for experimental samples consisted 
of 9,728 total cDNAs of unigene sets Gm-r1021 and Gm-r1083 spotted onto amine 
coated glass slides [14] and entered as platform GPL1013 in NCBIs Gene Expression 
Omnibus database [64] [65]. The cDNA array for the control samples consisted of the 
original 9,728 total cDNAs from unigene sets Gm-r1021 and Gm-r1083 plus an 
additional 9,272 total cDNAs of unigene set Gm-r1070 and entered as platform GPL3015 
in GEO.   
Purified RNA samples were split into 90 ug aliquots and concentrated to 10uL in 
a Savant Speed Vac.  The concentrated purified RNA and oligo dT was heated together 
for 10 min.  20uL of 1X Buffer, 10mM DTT, 500uM low T dNTPs, 100uM Cy3 or Cy5 
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 (Amersham Biosciences), and 13u/uL SuperScriptII (Invitrogen) was added to each 
RNA/Oligo dT sample then placed at 42
0
C for 2 hours. Remaining RNA was degraded 
with an RnaseA/H treatment. The three biological replicates of the Fe deficient samples 
formed six technical replicates, the raw data has been deposited in GEO [64] [65] and is 
accessible through GEO series accession number GSE7290.  The three biological 
replicates of the control samples formed six technical replicates, again, the raw data has 
been deposited in GEO [64] [65] and is accessible through GEO series accession number 
GSE7325.  The labeled Clark (Fe-efficient) and IsoClark (Fe-inefficient) cDNA samples 
were mixed in a balanced dye swap design.  The combined samples were purified with 
QIAquick PCR purification kits (Qiagen) labeled with PolyA DNA and hybridized for 18 
hours at 42
O
C. After overnight hybridization, slides were washed (wash 1:  1XSSC, 
0.2%SDS, wash 2:  0.2XSSC, 0.2%SDS, wash 3:  0.1XSDS) to remove unbound cDNAs.  
Slides were scanned with ScanArray Express (Stratagene) and resulting images were 
overlaid and spots identified by the ImaGene program.  An analysis program developed 
at the University of Illinois [14] was used to identify differentially expressed cDNAs.  
For our purposes, differential expression is defined as a minimum of two fold over or 
under expression in the cDNA of IsoClark (Fe-inefficient) relative to Clark (Fe-efficient).   
 
Real Time PCR Confirmation 
For the RT-Real Time PCR experiments, 200ng of RNA extracted from root 
tissue of plants collected over a 48-hour time course was added as initial template for 
each sample with Time 0 representing the time at which tissue was collected for the 
microarray experiment. Primers (Table 3) were designed to produce a 250bp amplicon 
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 based on the sequences available from GenBank. Stratagene’s Brilliant qRT-PCR kit 
was used with each 25uL reaction assembled as described by the Stratagene instruction 
manual (Catalog #600532) with 2.5uL of 50mM MgCl2, and 2uL of 50nM Forward and 
Reverse primers as determined experimentally to optimize the reactions.  Cycling 
protocols consisted of a 45 min. at 42
O
C for the reverse transcription, 10min at 95
O
C to 
disable any remaining StrataScript, then 40 cycles of 30sec at 95
O
C, 1 min at proper 
annealing temperature for each primer pair, 30sec at 72
O
C.  The PCR reactions were run 
in the Stratagene Mx3000P followed by a dissociation curve, taking a fluorescent reading 
at every degree between 55
O
C and 95
O
C to ensure only one PCR product was amplifying. 
The Stratagene analysis system established a threshold fluorescence level where 
amplicon fluorescence levels were statistically higher than background fluorescence; this 
threshold level is referred to as the Ct value, the cycle at which the samples fluorescence 
is above threshold. To be considered differentially expressed, the Fe efficient and Fe 
inefficient plants at the same time point had to differ in where they crossed the Ct by 
more than 1 cycle.  One cycle difference in the RT-PCR experiments corresponds to the 
two-fold difference in gene transcripts between the NILs examined by the microarray 
experiment.  The fold change was calculated from the differences in Ct using the 2
Ct
 
method [20] [66].  As controls, a passive reference dye was added to each sample, to 
ensure recorded fluorescence levels were due to SYBR green incorporation.  
Additionally, each sample was also run in triplicate and each sample was also normalized 
against tubulin amplification, see primers in Table 3, to ensure the differential expression 
was not due to differing amounts of initial RNA template added to each sample. As an 
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 additional negative control each sample was also run without reverse transcriptase to 
ensure amplification was due from RNA template.  
 
Single Linkage Clustering Analysis 
The single linkage clustering analysis performed in this work used techniques first 
reported by Graham et al. [20]. In brief, the nucleotide sequences of the 43 cDNAs 
identified as differentially regulated under Fe chlorosis conditions were added to a data 
set containing the nucleotide sequences of plant genes known to be involved in general 
stress responses. These general stress genes were identified based on micro/macro and 
bioinformatic analyses from the following published works: [52] [24] [25] [26] [67] [28] 
[68] [33] [30] [31] [20] [34]. Of the total 430 sequences used for clustering, 221 were 
derived from phosphate-starved tissues of Arabidopsis [34], Medicago truncatula, 
soybean and Phaseolus vulgaris [20]. The remaining 209 sequences came from a variety 
of plant stresses [52] [24] [25] [26] [27] [28] [68] [33] [30] [31]. Each sequence was 
given a unique identifier to allow identification of the source treatment.  The entire data 
set was then compared to itself using TBLASTX [19] with a minimum E-value cutoff of 
10E
-4
. The single linkage clustering perl scripts generated by [20] were used to assign 
homologous sequences to a cluster. Note that sequences with no UniProt hit, can cluster 
to sequences with known annotation. Thus, clustering can be used to imply annotation. 
 
Root Iron Reductase Analysis 
 Seeds of iron efficient and inefficient plants were germinated on germination 
paper for 7 days before being transplanted into the hydroponics system described above, 
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 with either 50 or 100uM Fe(NO3)3.  Plants were grown for 2 weeks in the hydroponics 
system.  Cotyledons were removed after 7 days in hydroponics to ensure a uniform 
chlorotic response.  Root reductase activity of the plants was measured with intact roots 
that were submerged for 30 min in an aerated assay solution containing 1.5mM KNO3, 
1mM Ca(NO3)2, 3.75mM NH4H2PO4, 0.25mM MgSO4, 25uM CaCl2, 25uM H3BO3, 2uM 
MnSO4, 2uM ZnSO4, 0.5uM CuSO4, 0.5uM H2MoO4, 0.1uM NiSO4, 100uM Fe(III)-
HEDTA,  100uM BPDS (bathophenanthroline disulfonic acid), and 1mM MES, pH 6.  
Iron reduction was quantified spectrophotometrically, by measuring the formation of the 
red-colored product, Fe(II)-BPDS3; absorbance was measured at 535 nm.  An aliquot of 
the solution with no roots submerged in it is used as the blank.  A molar co-extinction 
coefficient of 22.14mM
-1
cm
-1
 was used with the measured absorbance reading to 
calculate the rate of reduction.  There were two replicates of the experiment, each with 
three plants per genotype per iron concentration.   
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 Figure 1:  Whole Root Reductase Assay Results Across Various Iron Concentrations 
 
 
 
The iron efficient Clark plant shows a statistically significant increase in reductase 
activity at 50uM Fe(NO3)3, iron deficient conditions for the microarray experiment.  At 
the same iron concentration, the iron inefficient IsoClark shows low levels of reductase 
activity.  
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 This list of genes represents the genes identified as differentially expressed between the 
NILs under iron deficient conditions which do not have sequence homology to other 
known stress induced genes.  The sequences of these genes also showed no homology to 
other genes induced by iron deficiency and differentially expressed between the NILs.  
The clone ID identifies the specific clone spotted on the microarray.  The Federated Ratio 
is the fold change between the two near isogenic lines.  Fold changes above 2 represent 
genes over-expressed in the iron inefficient plant compared to the iron efficient plant 
while fold changes below 0.5 represent genes under-expressed in the iron inefficient plant 
compared to the iron efficient plant.  The TIGR TC represents the tentative consensus 
sequence to which the clone ID belongs according to TIGR.  The UNIPROT annotation 
is the identified function of genes showing high similarity to the sequence of the TIGR 
TCThe E-value is the association of the annotation to the TIGR TC sequence.  
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 Chapter 3.  Recovering from Iron Deficiency Chlorosis in Near Isogenic Soybeans: 
A Microarray Study 
 
A paper published in Plant Physiology and Biochemistry 2007 45(5): 287-282 
 
Jamie A. O’Rourke7, Michelle A. Graham8, Lila Vodkin9, D. Orlando Gonzalez3, Silvia 
R. Cianzio and Randy C. Shoemaker 
 
Abstract 
Iron deficiency chlorosis (IDC) in soybeans has proven to be a perennial problem in the 
calcareous soils of the U.S. upper Midwest.  A historically difficult trait to study in fields, 
the use of hydroponics in a controlled greenhouse environment has provided a 
mechanism to study genetic variation while limiting environmental complications.  IDC 
susceptible plants growing in calcareous soils and in iron-controlled hydroponic 
experiments often exhibit a characteristic chlorotic phenotype early in the growing season 
but are able to re-green later in the season.  To examine the changes in gene expression of 
these plants, near isogenic lines, iron efficient PI548553 (Clark) and iron inefficient 
PI547430 (IsoClark), developed for their response to iron deficiency stress (22) were 
grown in iron-deficient hydroponic conditions for one week, then transferred to iron 
sufficient conditions for another week.  This induced a phenotypic response mimicking 
                                                 
7
 Department of Genetics, Developmental and Cellular Biology, Iowa State University, 
Ames, Iowa 50011 USA 
8
 USDA-ARS, Corn Insect and Crop Genetics Research Unit, Iowa State University, 
Ames, Iowa 50011 USA 
9
 Department of Crop Sciences, University of Illinois Urbana-Champaign, Urbana, 
Illinois 61801 USA 
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 the growth of the plants in the field; initial chlorosis followed by re-greening. RNA was 
isolated from root tissue and transcript profiles were examined between the two near- 
isogenic lines using publicly available cDNA microarrays.  By alleviating the iron 
deficiency stress our expectation was that plants would return to baseline expression 
levels.  However, the microarray comparison identified four cDNAs that were under-
expressed by a two-fold or greater difference in the iron inefficient plant compared to the 
iron efficient plant.  This differential expression was re-examined and confirmed by real 
time PCR experimentation.  Control experiments showed that these genes are not 
differentially expressed in plants grown continually under iron rich hydroponic 
conditions.  The expression differences suggest potential residual effects of iron 
deficiency on plant health.  
 
Key Words 
Iron Deficiency Chlorosis (IDC), Microarray, Hydroponics, Soybean, Real Time PCR 
(RT PCR) 
 
Introduction 
 Iron deficiency chlorosis (IDC) results in substantial yield loss throughout the 
upper Midwestern farmlands each year.   The high pH of calcareous soils hinders the 
formation of the Fe
+2
 ion required for plant uptake.  With little to no biologically 
available iron, plants develop a characteristic interveinal chlorotic patterning of the leaf 
tissue.  If iron deficient growth conditions are not alleviated, the plant will suffer from 
stunted growth and reduced yield (9).  Often, the chlorotic phenotype appears early in the 
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 growing season and disappears as the plants continue to grow and mature throughout the 
growing season (11).  Long lasting effects of periods of iron deficiency stress can be 
observed in the decreased yield of plants that suffered from iron limiting conditions early 
in the growing season.  This carryover effect of brief periods of iron deficiency stress on 
yield suggests the genetic changes occurring early in the plant development have a 
continuing effect later in the plants’ life cycle.   
 Quantitative trait phenotypes are a result of the combined effect of environmental 
and genetic factors.  IDC is an extremely quantitative trait with a large environmental 
component that makes traditional field studies problematic (5, 7, 14).  However, previous 
IDC studies have identified a hydroponics system that allows plants to be grown in a 
manner whereby the environment is controlled.  In replicated trials, the same iron 
deficiency QTLs are identified in soybean plants grown hydroponically and in field 
studies (14). Therefore, this hydroponics system has proven to be a reliable method to 
examine gene expression of soybean plants suffering from iron deficiency chlorosis (14). 
 In this study we examined the gene expression profiles of iron efficient and iron 
inefficient near isogenic lines (NILs) grown in the hydroponics system. After one week in 
hydroponic iron deficient conditions, at which point differential chlorosis was observed 
between the iron efficient and inefficient NILs, plants were transferred to iron sufficient 
conditions for one week, after which both iron efficient and inefficient plants appeared 
green and healthy.  Manipulation of the iron content of the hydroponics system allowed 
us to mirror the phenotypic response of plants in the field.  Transcripts with altered 
expression levels between iron efficient and iron inefficient plants may be indicative of 
the long residual effects of iron deficiency on soybean plant health.  
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 Results 
Transcript levels of near isogenic soybeans, iron efficient Clark (PI548533) and 
iron inefficient IsoClark (PI547430) were compared by microarray analysis.  Plants were 
grown in hydroponics under iron limiting conditions (50uM Fe(NO3)3) for one week, at 
which time the inefficient line expressed a chlorotic phenotype (Figure 1).  Plants were 
then transferred to iron sufficient conditions (100uM Fe(NO3)3) for one week, at which 
time both genotypes were equally green.  RNA was then extracted from root tissue of 
both iron efficient and iron inefficient plants.  The RNA was fluorescently labeled and 
hybridized to cDNA microarray slides containing 9,728 cDNAs (25) in a balanced dye 
swap design.  A comparison of four biological replicates, with two technical replicates 
each, for a total of eight microarray hybridizations, revealed four genes exhibiting 
directionally consistent differential expression on six arrays.  These four genes exceeded 
a two-fold difference of expression between the two genotypes on six of the eight slides 
(Table I).  All four of the transcripts showed reduced expression levels in the iron 
inefficient plants in comparison to the iron efficient plants.   
As a control, NILs grown in iron sufficient hydroponic solutions (100uM 
Fe(NO3)3) for two weeks were also harvested and analyzed on cDNA slides containing 
the 9,728 genes above, plus an additional 9,272 genes. A comparison of three biological 
replicates with two technical replicates apiece, for a total of six total hybridizations, were 
analyzed.  Using the same stringency levels as the iron recovery experiment, directionally 
consistent differential expression on six arrays, we observed no differential expression 
between the two near isogenic lines grown continually under iron sufficient conditions 
for any of the 9,728 genes examined in the iron recovery experiment or any of the 9,272 
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 additional genes analyzed. However, if stringency levels are lowered to five of six 
arrays, a small number of genes differentially expressed between the two lines are 
observed. The four genes identified in this experiment were not among that group (see 
supplemental data at 
http://soybase.org/publication_data/ORourke/IronStressRecovery/index.html).  The lack 
of differential expression between the iron efficient and inefficient plants grown under 
continual iron sufficient conditions has also been observed in an Affymetrix gene chip 
experiment (O’Rourke and Shoemaker, unpublished data).  Thus, the differential 
expression seen under the iron recovery conditions are likely a result of the NILs’ 
differential response to the changing iron environment.  
The expression patterns identified in the microarray experiment were confirmed 
by reverse transcriptase real time PCR (RT PCR) (Table 1).  As observed with the 
microarray data, iron inefficient plants had lower expression levels than iron efficient 
plants (see example, Figure 2, Table 1). Dissociation curve analysis confirmed that the 
RT PCR reaction amplified a single product for each NIL/gene combination. However, a 
shift in melting temperature between the iron efficient and iron inefficient plants for the 
asparagine aminohydrolase gene encoded by Gm-c1028-5479 (Figure 3) suggests 
sequence differences in the coding region for the gene.  
The GenBank accessions of the four EST sequences differentially expressed under the 
iron recovery conditions were queried against The Institute for Genomic Research 
(TIGR) soybean gene index (Version 12.0, 17) to identify the tentative consensus (TC) 
sequence containing the EST of interest. BLASTX (1) was used to compare the TCs to 
the Uniref100 protein database (February 2006, 2) and assign putative function (Table 1). 
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 In addition, the TCs were queried against an in-house database of stress-induced genes 
collected from the literature. Of the four TCs, only one showed any homology to other 
stress-induced genes.  This dissimilarity reinforces the idea that these genes are involved 
in the recovery process of iron deficiency. The gene showing similarity to other stress 
induced genes, Gm-c1028-6182, was part of a TIGR TC with a UNIREF annotation of a 
transmembrane protein kinase receptor.   
 
Discussion 
 Iron deficiency stress is known to reduce yield of soybeans even though no visual 
indication of iron chlorosis can be observed.  In this study we identified four genes 
differentially expressed between the two near isogenic lines after a return to iron 
sufficient conditions and a return to normal green phenotypes.  These four genes were not 
differentially expressed under iron deficient conditions (O’Rourke et al. Unpublished 
Data) nor do they represent constitutive differences between the NILs grown under iron 
sufficient growth conditions.   
The three genes with putative functional annotations can be ascribed hypothetical 
roles in iron deficiency-related processes.  GmTC221258 had a UNIREF annotation of a 
ribophorin protein (Table I). Ribophorin proteins are a subunit of the greater 
oligosaccharyltransferase (OST), which is involved in the glycosylation of proteins 
entering the endoplasmic reticulum (16, 13).  The ribophorin proteins I and II are thought 
to be essential components of the OST (16, 13) serving to crosslink the 60s ribosomal 
subunit to the endoplasmic reticulum to form the rough ER (18).  The under-expression 
of this gene in iron inefficient plants compared to iron efficient plants may indicate the 
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 production of membranes and vesicles in iron inefficient plants have not yet, and may 
never, return to the levels seen in iron efficient plants subjected to the same 
environmental conditions.  
The transmembrane protein kinase identified by GmTC209369 may be serving as 
a receptor protein, possibly recognizing iron availability or other environmental cues 
(23).  The kinase would then phosphorylate a secondary signaling molecule to initiate a 
cascade of responses, including root to shoot signaling (19), depending on the amount of 
iron present. Kinase phosphorylation often serves as a signal to initiate a signaling 
cascade within the cell. In rice, the over expression of a transmembrane protein kinase 
has been shown to induce aluminum tolerance (19).    This mechanism could easily be 
extended to involve kinase activity in other heavy metal responses. Genes with sequences 
highly homologous to GmTC209369 have been shown to be differentially expressed 
under phosphate stress (10) and other forms of abiotic stress (12, 3).   
The UNIREF annotation of GmTC217977 suggests this gene encodes an 
asparagine aminohydrolase.  Asparaginease activity has been shown to provide ammonia 
as a nitrogen source for all nitrogen containing compounds within the cell.  The 
enzymatic activity has been shown to be upregulated during protein synthesis (4, 15).  
Activity levels of asparaginase are highest in roots and nodules (20) so it is not surprising 
the expression levels of asparagine aminohydrolase would be differentially expressed in 
the root systems of iron efficient and inefficient plants.  Differential expression of the 
asparagine aminohydrolase suggests the protein synthesis and nitrogen metabolism 
pathways in the iron inefficient plant have not returned to the production levels of the 
iron efficient plant.   
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 The real time PCR confirmation experiments detected greater differential 
expression between the NILs than was observed with the microarray.  This may be 
because the microarray analysis, through hybridization, reflects the expression level of 
multiple members of a gene family while the RT PCR is specific to the individual family 
member represented by the EST sequence.   
The dissociation analysis of Gm-c1028-5479 revealed sequence dissimilarity 
between the iron efficient and iron inefficient lines.  Both genotypes amplified only one 
PCR product, as shown by the single peak of the dissociation curve (Figure 3).  However, 
the shift in melting temperatures between the two genotypes suggests the sequence of the 
asparagine aminohydrolase gene is longer in the iron inefficient plant than in the iron 
efficient plant. Alternatively, the near isogenic lines may have different GC 
concentrations in the region of the gene being transcribed, or, much less likely, we may 
be amplifying different members of the same gene family.  That the gene encoded by 
Gm-c1028-5479 appears to have a genotype-dependent coding region makes this gene an 
excellent candidate for further examination in its role of iron efficiency.  
The four candidate genes identified by microarray analysis in this study are 
excellent candidate genes to study the long-term effects of iron deficiency on soybean. 
The induction of these genes after returning to an iron sufficient environment suggests 
these genes may be directly involved in utilizing available iron. The sequence differences 
in the asparagine aminohydrolase gene suggested by the RTPCR dissociation curve 
suggests different members of the same gene family may be differentially transcribed in 
different genotypes possibly resulting in different activity levels within the plants. The 
lower expression levels of these genes in iron inefficient plants suggests they may not 
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 reach expression levels achieved by iron efficient plants.  This reduced expression 
pattern may reflect reduced activity levels, which, speculating, could explain the reduced 
yield often seen from plants experiencing iron deficiency chlorosis early in the growing 
season. This study has identified a small subset of the genes likely involved in this 
complicated metabolic process. In the future, experiments using larger arrays such as the 
Affymetrix gene chip may help to identify additional candidate genes. 
Methods 
Plant Growth Conditions: 
Near isogenic soybean lines, PI548533 ‘Clark’ and PI547430 ‘IsoClark’, were 
grown in the Ames, Iowa USDA greenhouse under 16hr photoperiods.  Plants were 
germinated in sterile vermiculite with distilled deionized water.  After one week they 
were transferred to a DTPA nutrient buffered hydroponics system (6) containing all 
minerals necessary for normal growth with iron being the only limiting component. 
Specifically, each 10L system contained 2mM MgSO4*7H2O, 3mM Mg(NO3)2*6H2O, 
2.5mM KNO3, 1mM CaCl2*2H2O, 4.0mM Ca (NO3)2*4H2O, 0.020mM KH2PO4, 
542.5uM KOH, 217uM DTPA, 1.52uM MnCl2*4H2O, 4.6uM ZnSO4*7H2O, 2uM 
CuSO4*5H2O, 0.20uM NaMoO4*2H20, 1uM CoSO4*7H2O, 1uM NiSO4*6H2O, 10uM 
H3BO3, and 20mM HCO3.  A pH of 7.8 was maintained by the aeration of a 3% CO2: air 
mixture to each 10L system. To induce iron deficiency, plants were limited with 50uM 
Fe(NO3)3 for one week after which the iron level was increased to a non-limiting 100uM 
Fe(NO3)3.  NILs also were grown constitutively at 100uM Fe(NO3)3, as controls.  A 
supplemental nutrient solution containing 16mM potassium phosphate, 0.287mM boric 
acid and 355mM ammonium nitrate was added daily to all plants to maintain proper plant 
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 nutrition.  As further visual controls and to ensure that chlorosis was due to iron 
deficiency stress, A15, an iron efficient plant and T203, iron inefficient plant, were also 
included with each experimental replication. At the end of this period plants were at the 
V3 stage (8). 
RNA Extraction and Microarray Hybridizations 
The iron recovery experiment was comprised of four biological replicates, each 
with two technical replicates for a total of eight hybridizations.  Samples were hybridized 
to a spotted slide containing 9,728 cDNAs from Gm-c libraries 1021 and 1083, which are 
root specific. Gene expression patterns of plants for the control experiment were 
compared across three biological replicates, with two technical replicates apiece, for a 
total of six hybridizations. Samples for the control plants were hybridized to spotted 
slides containing the 9,728 cDNAs present on the experimental slides plus an additional 
9,272 cDNAs.  The additional genes allowed for a more global analysis of known root 
transcripts to determine if there are any inherent genetic differences between the near 
isogenic lines. 
 Total RNA was extracted from root tissue of iron recovery plants using a 
modified phenol chloroform extraction with a lithium chloride precipitation protocol as 
set forth by the NSF Soybean Microarray Workshop in May of 2000 (24). Samples were 
composed of root tissue from four individual plants, all grown in the same hydroponic 
unit. Samples were further purified using RNeasy kits from Qiagen.  RNA was extracted 
from iron sufficient control plants following the RNA extraction protocol of the Qiagen 
RNeasy kits.  For both methods, each sample yielded 180ug of purified RNA, 90ug of 
purified RNA for each cDNA array of the dyeswapped slides.   
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 Purified RNA samples were split into 90ug aliquots and heated with oligo dT for 
10 min.  20uL of 1X Buffer, 10mM DTT, 500uM low T dNTPs, 100uM Cy3 or Cy5 
(Amersham Biosciences), and 13u/uL SuperScriptII (Invitrogen) was added to each 
sample then placed at 42
0
C for 2hours.  Remaining RNA was degraded with an 
RnaseA/H treatment.  Labeled Clark and IsoClark cDNA samples were mixed in a 
balanced dye swap design labeled with PolyA DNA and hybridized for 18hours at 42
o
C. 
After overnight hybridizations, slides were washed (wash 1:  1XSSC, 0.2%SDS, wash 2:  
0.2XSSC, 0.2%SDS, wash 3:  0.1XSDS) to remove unbound cDNAs.  Slides were 
scanned with ScanArray Express (Stratagene) and resulting images were overlaid and 
spots identified by the ImaGene program.  An analysis program developed at the 
University of Illinois (21) was used to identify differentially expressed cDNAs.  For our 
purposes, differential expression is defined as a minimum of a two fold over or under 
expression of the cDNA in IsoClark relative to Clark. 
 
Real Time PCR 
For the RT-Real Time PCR experiments 200ng of RNA extracted from root tissue 
served as initial template for each sample. Primers were designed based on available EST 
sequences from GenBank to produce 250bp amplicons.  Primer sequences were as 
follows:  Gm-c1028-8295 F: GGCCACCATGTAACTTATTC R: 
ACTGGCATTGCTGATTGACA Gm-c1028-7992 F: CACTGTTAAATTGCCTGATGC 
R: CTCGCACCAACTCTTTAGC Gm-c1028-6182 F: 
CAGTGGGAAAGAATCTTGTCAC R: GCCATATTCACTGAGAGGTTAC Gm-
c1028-5479 F: GACATTCCAAGGTTGCGTAGGC R: 
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 CGCCATTTCTGTTTCGCTTATGG, Tubulin F:CAATTGGAGCGCATCAAT R: 
ATACACTCATCAGCATTCTC.  Stratagene’s Brilliant qRT-PCR kit was used with 
each 25uL reaction assembled as described by the Stratagene instruction manual (Catalog 
#600532) with 2.5uL of 50mM MgCl2, and 2uL of 50nM F and R primers.  Cycling 
protocols consisted of a 45 min. at 42
O
C, 10min at 95
O
C, 40 cycles of 30sec at 95
O
C, 1 
min at 62
O
, and 30sec at 72
O
C. The PCRs were run in the Stratagene Mx3000P followed 
by a dissociation curve, taking a fluorescent reading at every degree between 55
O
C and 
95
O
C to ensure only one PCR product was amplifying.  The Stratagene analysis system 
established a threshold fluorescence level where amplicon fluorescence levels were 
statistically higher than background fluorescence; this threshold level is referred to as the 
Ct value, the cycle at which the samples fluorescence is above threshold.  As controls, a 
passive reference dye was added to each sample, to ensure recorded fluorescence levels 
were due to SYBR green incorporation.  Additionally, each sample was also run in 
triplicate and each sample was also normalized against tubulin amplification, see primers 
above, to ensure the differential expression was not due to differing amounts of initial 
RNA template added to each sample. To be considered differentially expressed, the iron 
efficient and iron inefficient plants at the same time point had to differ in where they 
crossed the fluorescence threshold by more than 1 cycle. 
Dissociation analyses of RT PCR products were conducted by measuring fluorescence 
levels between 55 C and 95 C on a Stratagene MX3000P. 
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 Figure 1:  Differential Chlorosis of Iron Efficient (Clark) and Iron Inefficient (IsoClark)  
 
Chlorosis patterning of iron efficient and iron inefficient plants grown in hydroponics 
system under 50uM Fe(NO3)3.  Note the severe interveinal chlorotic response of the iron 
inefficient plant (Isoclark) compared to the iron efficient plant (Clark). The differential 
chlorosis response suggests that while the plants have been subjected to the same 
treatments, they have different tolerances or responses to low iron conditions.   
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 Figure 2: Amplification plot of Gm-c1-28-5479 
 
Fluorescence levels of SYBR Green covalently bound to the amplicon represented by 
Gm-c1028-5479.   
 
Confirming the microarray results, the expression level of the gene is lower in the Fe-
inefficient line than in the Fe-efficient plant.  In this case, the difference in Ct values is 
8.53 cycles, which translates to a 256 fold difference.  This is a greater change in 
expression levels between Fe-efficient and Fe-inefficient lines than seen in the 
microarray.  It is possible that the microarray was examining expression levels of 
multiple members of the same gene family, while the RTPCR is only examining the 
expression level of one family member.   
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Figure 3: Dissociation Curve of Gm-c1028-5479 
 
Fluorescence levels associated with the melting temperature of the amplicon of Gm-
c1028-5479.   
The shift in melting temperatures between iron efficient and iron inefficient lines 
suggests the gene product of Gm-c1028-5479 genotype dependent.  The single peak 
generated by the degradation of each amplicon confirm only one gene product was 
amplified for each genotype, reaffirming the sensitivity of the RTPCR.  The different 
product sizes would suggest that this gene is an excellent candidate for further study in 
iron efficiency work.   
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 Chapter 4. Integrating Microarray Analysis and the Soybean Genome to 
Understand the Soybeans Iron Deficiency Response 
 
A Genomic Study of Iron Deficiency Chlorosis in Soybeans 
 
Jamie A. O'Rourke, Rex T. Nelson, David Grant, Jeremy Schmutz, Jane Grimwood, 
Steven Cannon, Carroll P. Vance, Michelle A. Graham, and Randy C. Shoemaker 
 
 
Abstract 
 Iron is an essential micronutrient for both plants and animals.  Iron deficiency 
chlorosis (IDC) in soybeans, a major source of protein and edible oil for much of the 
world’s population, results in yield loss.  The United States is the world’s largest 
producer of soybeans, but reports of up to 23% yield loss due to IDC are common in the 
calcareous soils of the upper Midwest. The use of microarray technologies has allowed 
IDC research to move beyond quantitative trait locus (QTL) studies to the identification 
of specific candidate genes involved in the trait of interest.  Near isogenic lines (NILs) 
(PI548553 and PI547430), developed for their differential iron response, were grown 
hydroponically in iron sufficient and iron limited conditions.  Transcriptional profiles of 
the plants were analyzed and compared using the Affymetrix® GeneChip® Soybean 
Genome Array, which represents approximately 37,500 soybean EST transcripts.  A 
comparison of iron efficient Clark plants (PI548553) grown under Fe-sufficient and Fe-
limited conditions identified 835 candidate genes putatively involved in soybean's iron 
stress response.  An identical comparison of iron inefficient IsoClark plants (PI547430) 
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 identified 200 candidate genes. These same microarrays were also used to identify 211 
single feature polymorphisms (SFPs) between the NILs.  These SFPs represent a 
potential source of genetic variation involved in the differential iron stress response 
elicited by the two lines.  Many of these SFPs are located in genes with high homology to 
transcriptional regulators. Semi quantitative real time PCR analysis of the near isogenic 
lines confirmed the differential expression of candidate genes identified by microarray 
analyses.  Sequences of the differentially expressed genes, SFPs, and sequences of 
markers known to lie within iron QTLs were aligned against the 7X build of the soybean 
whole genome sequence to identify regions of transcriptional significance. This analysis 
identified 58 genes differentially expressed in the microarray experiment with a genetic 
location within known QTLs in the Clark genotype and 21 in the IsoClark genotype. 
Additionally, 11 of the 211 SFPs aligned within the known QTL regions.  A sliding 
window analysis of the microarray data and the 7X genome coupled with an iterative 
simulation model of the data showed the candidate genes exhibit clustering in the 
genome.  Closely clustered genes in other species have been shown to be co-regulated.  
An analysis of promoter regions of differentially expressed genes identified 11 conserved 
motifs in promoter regions of 248 differentially expressed genes, representing 129 
clusters identified earlier and confirming the cluster analysis results.  These conserved 
motifs support the hypothesis that the differentially expressed genes are co-regulated. 
Additionally, the combined results of all analyses lead us to believe iron inefficiency in 
soybean is a result of a mutation in a transcription factor, which controls the expression 
of genes required in inducing an iron stress response.   
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 Introduction 
 Iron is a critical micronutrient for both plant and animal nutrition, serving as an 
invaluable co-factor for a variety of cellular processes. Iron deficiency anemia is one of 
the leading nutritional disorders worldwide, affecting 43% of the population of 
developing countries [1]. For most of the world’s population, legumes are a major source 
of dietary iron [1, 2]. Though iron composes 5% of the earth’s crust [3], it is largely 
unavailable to plants.  Additionally, 30% of the worlds’ soils are classified as calcareous 
[4], with a pH greater than 7.5.  Calcareous soils are especially prevalent in the upper 
Midwest of the US [5, 6] and have been shown to have a direct correlation with iron 
deficiency in soybeans. IDC in soybeans is characterized by interveinal chlorosis of the 
developing trifoliates [7] and an end of season yield loss in direct proportion to the 
severity of the chlorosis [8]. 
 Plants have evolved two systems to uptake iron from the soil.  These systems are 
termed strategy I and II [9, 10].  Soybeans and other dicots utilize strategy I, in which the 
rhizosphere is acidified by the release of protons to produce a favorable environment for 
the release of iron from chelating agents in the soil.  The Fe
+3
 ion is then reduced by a 
membrane bound reductase to the usable Fe
+2
 form and transported across the cell wall 
and plasma membrane into the cell by a specific transporter for distribution and use 
within the plant.  The transport of the iron ion into the plant has been shown to be the 
rate-limiting step in IDC [11].  Graminaceous monocots utilize strategy II, whereby the 
roots release chelators called phytosiderophores to bind Fe
+3
 ions.  Once bound, the entire 
complex is transported into the root where it is uncoupled.  The Fe
+3
 ion is reduced to 
Fe
+2
 and the phytosiderophores are re-released into the soil. 
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  The quantitative nature of IDC makes field studies problematic. Previous studies 
have identified Quantitative Trait Loci (QTLs) associated with IDC [5, 12]. Many of the 
same quantitative trait loci (QTLs) have been identified in both field and greenhouse 
studies, where plants are grown in a hydroponics system designed specifically to induce 
IDC [13].  Growing plants in a controlled greenhouse environment with regulated 
nutritional availability allows for reliable and replicable induction of iron deficiency 
stress.  In addition, the advent of microarray technology now allows for the identification 
of individual genes whose expression levels are affected by iron availability [14, 15].  
The availability of a whole-genome sequence assembly for the soybean genome has, for 
the first time, allowed us to genetically position differentially expressed genes induced by 
iron deficiency.  
 Genomic studies in many organisms have shown genes in close proximity to one 
another in the genome are often co-expressed.  These co-expressed genes create clusters 
of expression neighborhoods [16].  A study in Arabidopsis showed clusters of up to 20 
different genes were coordinately regulated, with a median cluster size of 100kb [17].  In 
rice, approximately five percent of the genome has been associated with co-expressed 
gene clusters [18].  These clusters are conserved by natural selection [19].  Initially co-
expressed genes were thought to belong to similar biological pathways [17], but further 
studies have shown co-functionality to be a poor predictor of co-expression [20].  Instead, 
promoter analysis has found co-regulated genes are often regulated by common 
transcription factors [16, 20, 21].  The co-expression of clustered genes may be partially 
regulated by the interaction of promoters and transcription factors [21].  Co-regulated 
genes often have common transcription factors [20] so an increase in the transcription 
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 factor binding site due to a high prevalence of promoter regions would increase the 
likelihood of the transcription factor binding and aiding in the expression of the gene 
cluster.    
 
Materials and Methods 
Plant Growth and RNA Extractions 
  NILs developed for their characteristic response to limited iron conditions, were 
developed by the USDA-ARS [22].  The iron efficient PI548533 (Clark) was crossed 
with iron inefficient T203 (PI54619). Seven repeated backcrosses to Clark yielded the 
iron inefficient line PI547430 (IsoClark).  Both the iron efficient Clark and the iron 
inefficient IsoClark were germinated in sterile vermiculite and transferred to a DTPA 
buffered nutrient hydroponics system 7 days after planting.  Each 10L hydroponic unit 
contained 2 mM MgSO4*7H2O, 3 mM Mg(NO3)2*6H2O, 2.5 mM KNO3, 1 mM 
CaCl2*2H2O, 4.0 mM Ca(NO3)2*4H2O, 0.020 mM KH2PO4, 542.5 µM KOH, 217 µM 
DTPA, 1.52 µM MnCl2*4H2O, 4.6 µM ZnSO4*7H2O, 2 µM CuSO4*5H2O, 0.20 µM 
NaMoO4*2H20, 1 µM CoSO4*7H2O, 1 µM NiSO4*6H2O, 10 µM H3BO3, and 20 mM 
HCO3.  A pH of 7.8 was maintained by the aeration of a 3% CO2: air mixture.  A 
supplemental nutrient solution containing 16 mM potassium phosphate, 0.287 mM boric 
acid and 355 mM ammonium nitrate was added daily to maintain proper plant nutrition.   
Both iron efficient and iron inefficient plants were grown in iron sufficient (100uM 
Fe(NO3)3) and iron limiting (50 uM Fe(NO3)3) hydroponic conditions.  Leaf tissue from 
the 2
nd
 trifoliate was collected 21 days after planting, or after 14 days in the hydroponics 
system.  Tissue was flash frozen in liquid nitrogen and stored at –80 OC until RNA could 
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 be extracted.  Three independent biological replicates were used as the experimental 
tissue.  RNA extractions were performed using the Qiagen RNeasy Plant Mini Kit 
(catalog # 74904).  RNA samples were submitted to the Iowa State University 
GeneChip® facility to be hybridized and scanned using the Soybean Affymetrix® 
GeneChip®.  A model based expression index analysis (MBEI) [23] of the raw chip data 
identified perfect match probes with a two-fold or greater expression difference between 
the genotype and iron concentrations.  An analysis of Clark plants grown in iron 
sufficient and iron deficient conditions showed 835 transcripts differentially expressed at 
two-fold or greater.  IsoClark plants grown in identical conditions showed 200 transcripts 
that met the criteria for differential expression.   
Candidate Gene Annotation 
The candidate genes were queried against the SoyBase Affymetrix® GeneChip® 
Soybean Genome Array Annotation page, publicly available at 
http://www.soybase.org/AffyChip/.  Here, researchers with the USDA-ARS have used 
BLASTX and TBLASTX [24] to compare the sequences from which all Affymetrix 
probes were derived to the UniProt database and the Arabidopsis genome gene calls 
(TAIR7, http://www.arabidopsis.org/).  The top three UniProt BLAST hits and the 
Arabidopsis best hit GO annotation is reported for each Affymetrix probe set.  To assign 
a putative function and classification to the differentially expressed genes 
(Supplementary Data Tables 1, 2, and 3) the three UniProt annotations were compared.  
If all three were identical that annotation was assigned to the gene.  If the top three 
BLAST hits were not in concordance, that sequence was re-examined to determine if one 
of the annotations was more likely correct than the others.  If no annotation could be 
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 confidently identified by BLAST analysis with UniProt, the differentially expressed 
gene was annotated as an unknown.  If the gene sequence for the Affymetrix® probe 
showed no sequence homology to any of the proteins in the UniProt database, the 
sequence was annotated as No UniProt Hit.  
GO Slim Term Analysis 
For expressed genes with homology greater than 10e
-6
 to an Arabisopsis gene, 
custom perl scripts were written to parse and tally each transcript GO slim ID for 
biological process, molecular function, and cellular process. The same scripts were used 
to tally GO slim IDs for the entire chip.  Differences between the expressed genes and the 
entire chip were compared using a Fisher exact test [25].  This test was performed to 
identify the GO slim terms within each of the three GO slim classifications that were 
over-or under-represented in the lists of differentially expressed genes in relation to their 
presence on the soybean Affymetrix® chip.  A Bonferroni correction [26], using the 
number of identifiers present on the Affymetrix® chip, was applied to the two-tailed 
probability value (p-value) of each GO slim identifier. GO slim identifications with a p-
value of less than or equal to 0.05 after the Bonferroni correction were considered 
statistically over-or under-represented in our list of differentially expressed genes.  This 
correction is likely to underestimate the number of categories of genes either over-or 
under-represented on the lists of differentially expressed genes in comparison to their 
prevalence on the Affymetrix® chip.  
Real Time PCR Confirmation 
 The differential expression observed in the microarray experiment to identify 
candidate genes was confirmed using semi quantitative Real Time Reverse Transcriptase 
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 PCR (sqRT-PCR).  Thirteen transcripts identified as differentially expressed in the 
microarray experiment were tested using sqRT-PCR (Table 3).  Genes for sqRT-PCR 
confirmation were chosen based on differential expression levels in the microarray. We 
tested genes showing both extreme differential expression and those just exceeding the 
two-fold criteria.  Primers were designed from the EST sequence used to construct the 
Affymetrix probe to produce 250 bp amplicons.  The sqRT-PCR was conducted as 
described by the Stratagene protocol (Catalog #600532) using the Stratagene Brilliant 
qRT-PCR kit with 25uL reactions.  For each experimental reaction, 200ng of total RNA 
was added as initial template along with 125mM MgCl2 and 100nM forward and reverse 
primers.  Cycling parameters were as follows: 45 min at 42
O
C for reverse transcription, 
10 min at 95
O
C to denature reverse transcriptase StrataScript, 40 cycles of 30 sec at 
95
O
C, 1 min at proper annealing temperature, 30 sec at 72
O
C.  All sqRT-PCR reactions 
were performed in the Stratagene Mx3000P followed by a dissociation curve, taking a 
fluorescence reading at every degree between 55
O
C and 95
O
C to ensure only one PCR 
product was amplified. As controls, a passive reference dye was added to each reaction to 
ensure the increase in fluorescence was due to an increase in amplicon and not an artifact 
of the PCR.  Additionally, each sample was run in triplicate and normalized against 
tubulin amplification to ensure differential expression was not due to differing amounts 
of initial template RNA added to each sample.   
To be considered differentially expressed, samples had to differ in cycle 
thresholds (Ct) by more than 1 cycle, which corresponds to the two-fold difference in 
gene transcripts between the NILs identified by the microarray experiment.  The resulting 
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 fold change of the sqRT-PCR was calculated from the differences in Ct using the 2  Ct 
method [27].  
SFP Identification and Association with known IDC QTLs on Soybean Genome 
 Single Feature Polymorphisms (SFPs) were identified following the protocol 
outlined by West et al. 2006 [28].  In brief, the microarray data from plants grown under 
iron sufficient conditions was transformed by robust multichip analysis (RMA) [29].  
Custom perl scripts were used to examine each of the ten individual probes comprising a 
single perfect match probe.  These perl scripts assigned each perfect mach probe set an 
SFPdev score by subtracting the average hybridization signal from the other ten probes 
from the hybridization signal of the probe in question and dividing that by the 
hybridization signal of the probe being examined ((hyb signal probe 1 – (hyb signal probe 
1+ hyb signal probe 2 + hyb signal probe 3 + hyb signal probe 4 …hyb signal probe 
10)/10) / hyb signal probe 1). SFPdev scores with an absolute value greater than or equal 
to two on all replicates indicated an SFP.  
Statistical Modeling and Cluster Analysis 
 To determine if gene distribution along the assembled genome could be explained 
by random chance, a simulation program originally reported by Grant [30] was applied to 
a theoretical genome.  A genome of 996,903,313 bp (the combined size of the 7x genome 
assembly which has been assigned to soybean molecular linkage groups) was partitioned 
into 1,000,000 bp, 100,000 bp, and 10,000 bp windows resulting in 953 bins, 9,530 bins 
and 95,300 bins respectively.  The program positioned 760 or 200 genes depending on 
the genotype being simulated on the genome and determined the number of genes within 
the window.  The simulation was repeated 1,000 times.  The mean number of bins with 0 
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 - 8 genes was calculated for the 1,000 repetitions.  A standard deviation for each gene 
bin size was also calculated.  To determine how this compared with our experimental 
data, the sequences assigned to MLGs were concatenated together and the sliding 
window analysis was performed to identify clusters. The difference between the 
microarray data and the simulated data is calculated in terms of the number of simulated 
data standard deviations (SD).  A difference greater than two SD is considered 
statistically significant. The sign of the difference is indicative of whether there are more 
or fewer genes than expected.  
Promoter Identification and Analysis 
 The consensus sequence used by Affymetrix® to generate the probes on the 
Soybean GeneChip® identified as differentially expressed between Clark plants grown 
under iron sufficient and iron deficient conditions were queried against the 7X genome 
gene calls.  The top hit for each differentially gene was used as the gene call for the 
differentially expressed sequence on the Affymetrix® GeneChip®.  Custom perl scripts 
identified the 500 bases upstream of the start codon for each gene from the 7X genome 
assembly. The reverse complement of each of the 500 bp promoter regions was also 
identified. The program MEME (Multiple Em for Motif Elicitation [31]) was run against 
the 500 base promoter regions of all IDC genes to identify short conserved sequences in 
the promoter regions of the differentially expressed genes using the –dna –mod anr –evt 1 
commands.  Identified motifs with E-values < 1E
-6
 were then compared against a 
modified TRANSFAC database using BLASTN [24] to determine if identified motifs 
contained any known transcription factor binding sites.   
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 RESULTS 
Candidate Gene Identification and GO analysis 
 RNA from both iron efficient Clark and iron inefficient IsoClark grown under 
iron limiting conditions (50uM Fe(NO3)3) and iron sufficient conditions (100uM 
Fe(NO3)3) were submitted to the Iowa State GeneChip Facility for hybridization and 
scanning using the Affymetrix® GeneChip® Soybean Genome Array.  An MBEI 
analysis [23] of the data revealed only 30 transcripts met or exceed the two fold 
difference required to be considered differentially expressed between Clark and IsoClark 
genotypes grown under iron sufficient conditions (Supplementary Table 1).  This result 
confirms the NILs probably differ by only a limited number of genes.  In contrast, 835 
transcripts were differentially expressed between Clark plants grown under iron sufficient 
and iron limiting conditions (Supplementary Table 2) and 200 transcripts differentially 
expressed between IsoClark plants grown under the same conditions (Supplementary 
Table 3).  
GO slim categories that were either over-or under-represented in our lists of 
differentially expressed genes were identified for both the Clark and IsoClark 
comparisons. Transcripts with GO slim classifications that are over or under represented 
on our list of differentially expressed genes should be representative of the processes and 
pathways being induced or shut down under iron stress in both the iron efficient and iron 
inefficient plants. The Clark genotype experiment had 488 out of 835 unique transcripts 
with GO slim IDs.  Of the corresponding GO slim IDs, 42 were either over or under 
represented in our list of differentially expressed genes (Table 1).  These transcripts could 
be over-represented in our expression data based on comparison with the entire chip 
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 (Table 1).  The over and under represented GO slim categories could be further divided 
into 17 biological process IDs, 19 molecular function IDs, and 6 cellular component 
processes (Table 1). Of the 200 differentially expressed genes in the IsoClark genotype, 
49 had corresponding Arabidopsis GO slim IDs.  Of these, 11 were over or under 
represented and fell into 5 molecular function categories, 1 cellular component category, 
or five biological process categories (Table 2).  
Examining the GO terms associated with the candidate genes provides further 
insight into the disparity of the number of differentially expressed genes between 
genotypes.  The IsoClark (inefficient) genotype does not appear to induce genes in 
response to the iron depravation stress.    The most prevalent GO term in all three 
classifications for both genotypes was ‘unknown function’ (Tables 1 and 2).  However, 
the Clark (efficient) genotype also had a high proportion of GO terms (and thus, 
transcripts) specifically related to iron availability and usage, ie: ferric iron binding 
(GO:0008199), iron ion transport (GO:0006826), and iron ion homeostasis 
(GO:0006879) that were over-represented on our lists of candidate genes.  There were 
also a number of GO terms not specifically related to iron, but which are associated with 
a more general stress response (GO:0009611 – response to wounding, GO:00099 
jasmonic acid biosynthesis, and GO:0009408 – response to heat).  
Real Time PCR Confirmation  
The differential expression observed through sqRT-PCR analysis mirrored, in 
direction, the expression differences observed in the microarray study.  As with previous 
microarray confirmation studies, the sqRT-PCR showed greater levels of differential 
expression than seen in the microarray.  This is most likely due to cross hybridization of 
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 genes to the microarray, while the RT PCR is designed to be very specific and may be 
measuring individual members of a gene family. These experiments confirmed the iron 
deficient plants had lower expression levels of the transcripts than the iron sufficient 
plants, replicating the results seen in the microarray data. 
Positioning Candidate Genes on the 7X Genome Assembly 
 Sequencing of the soybean genome by the Department of Energy, Joint Genome 
Institute currently has produced 7X sequence coverage of the genome, which has been 
assembled into sequence scaffolds by researchers at Stanford University. In collaboration 
with researchers at Stanford University, USDA-ARS researchers have assembled the 
scaffolds into pseudo chromosomes based on marker homology, allowing us to place our 
candidate genes on specific molecular linkage groups (Figure 1).    
The sequences of transcripts identified as differentially expressed by microarray 
analysis (see above) were obtained from the Affymetrix® website 
(www.affymetrix.com).  These sequences were then queried against the 7X soybean 
genome using BLASTN [24] and an e-value cutoff of 10E
-50
 to ensure a high sequence 
homology between the aligned sequences. The 835 differentially expressed genes in the 
Clark genotype were located on 214 unique scaffolds.  The 200 genes identified as 
differentially expressed in the IsoClark genotype were located on 118 scaffolds. The 
same parameters were used to compare the sequences of SFPs to the 7X genome. 
Markers used in previous iron QTL studies were also identified on the pseudo 
chromosomes to delineate known iron QTL regions (Figure 1).  The iron efficiency QTLs 
were scaled to the 7X build and used to determine if any of the candidate genes from the 
microarray experiment were encoded within the iron QTL regions.  Fifty- eight genes in 
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 the Clark genotype and twenty-one genes in the IsoClark genotype were located within 
previously identified QTLs (Figure 1).  
Cluster Analysis 
 The gene distribution simulation randomly placed genes across the assembled 
genome.  If the candidate genes were randomly located throughout the genome, we 
would expect the experimental results to closely mirror the simulated data study. 
However our results strongly indicate that the differentially expressed genes exhibit 
clustering of two or more genes within 1,000,000 bp, 100,000 bp, and 10,000 bp in the 
genome (Tables 4 and 5).    
The candidate genes do not show a high concordance with known QTL regions, 
but do serve to identify additional genomic regions of IDC transcriptional importance 
(Figure 1).  The largest cluster contained eight candidate genes located within 1 MB on 
MLG C2 (Figure 1). There was also a cluster of seven genes on MLG D1B (Figure 1).  
D1B contained six clusters of four or more genes within 1,000,000 bases, as did MLG F 
(Figure 1). None of these clusters were located within known iron QTLs.  However, 
another cluster of seven genes falls on MLG H (Figure 1), which has three known iron 
QTLs, together spanning 24 cM of the linkage group.   MLG M contained the most gene 
clusters, eight separate clusters, each with four candidate genes (Figure 1). Again, MLG 
M has not been previously shown to contain regions of genetic importance to soybean 
IDC.   
The identification of these gene clusters on MLGs previously not known to be 
involved in soybean IDC opens new regions of genetic interest to investigate in future 
studies.  Most importantly, the distribution of genes and gene clusters throughout the 
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 genome, not solely within the confines of known QTLs, highlights the limitations of 
using QTL regions to identify candidate genes for the trait of interest.  The majority of 
candidate genes identified were not within the QTL, nor were the largest clusters of 
differentially expressed genes.  Though the QTL must contain sequence of importance to 
IDC, genes responsible for the chlorosis and yield loss may not be confined to the QTL 
region.   
Promoter Analysis 
 Previous research has demonstrated that genes clustered in close proximity in the 
genome may be coordinately regulated. To determine if clusters if IDC genes were 
coordinately regulated, we mined 500 bases from the promoters of all IDC genes and 
used these as input into the MEME software program. As an internal control, sequences 
were not analyzed as members of clusters; rather, all sequences were analyzed as a single 
large group. If IDC genes were coordinately regulated, MEME could also be used to 
independently identify potential gene clusters.  In total, the promoters of 835 iron 
deficiency induced genes from the Clark genotypic comparison and 200 genes from the 
IsoClark comparison were analyzed using MEME. There were no motifs found using 
MEME in the IsoClark (inefficient) gene promoter regions.  All motifs identified by 
MEME were found in the promoter regions of genes differentially expressed due to iron 
deficiency in the Clark (efficient) genotype. Twenty-one motifs with E-values more 
significant than 10E
-6 
were identified by MEME analysis. Following visual inspection, 
this number was reduced to 11. Motifs were eliminated if they contained repetitive 
sequence or had lower significance E-values.  The 11 motifs were identified in 248 IDC 
genes, representing 129 of the clusters of two or more genes as mentioned above. One 
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 mechanism by which genes can be coordinately regulated is through the action of 
transcription factors that bind to the promoter to regulate gene expression. Therefore, the 
11 motifs identified above were compared to known transcription factor binding sites in 
the TRANSFAC [32] database (Table 6). Three showed significant homology (99% 
identity) to known transcription factor binding sites (Table 6).  These three sites bind a 
helix-loop-helix transcription factor (USF), an elongation factor (EF2), and a Myb 
transcription factor.  These binding sites were identified in the promoter regions of 42, 
40, and 28 genes respectively. Both helix loop helix and Myb transcription factors are 
known to be involved in regulating the iron stress response and general stress responses 
in other plant species. 
SFP Analysis 
Seventy-two candidate SFPs in the Clark genotype and 98 in the IsoClark 
genotype were identified (Supplementary Table 4).  Sequences of the probes containing 
the SFP were queried against the 7X Soybean genome to determine a putative genetic 
location (see above). Of the 170 total SFPs, 163 had 100% homology to the genomic 
sequence.  Many of the sequences were present in the genome multiple times, thus an 
absolute position could not be identified.  We chose to place this sequence in all genomic 
positions where the sequence showed 100% identity to the genome up to 3 locations, 
yielding 206 potential SFP locations. 
Of the 206 SFP locations, 40 showed an association to previously identified iron 
efficiency QTLs (Figure 2).  Only one of the 206 SFPs identified in this study 
(GmaAffx.41460.1.S1_at) was encoded within a gene identified as differentially 
expressed between IsoClark plants grown under iron sufficient and iron deficient 
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 conditions.  The remaining SFPs were not in differentially expressed genes in either 
Clark or IsoClark genotypes.  This suggests the SFPs are located within non-protein 
coding sequences, perhaps involved in regulatory elements, which would not necessarily 
be differentially expressed.  GO slim ID analysis, as previously described, was performed 
with the gene sequences containing SFPs. Of the 206 SFPs identified, 20% had an 
unknown biological process annotation. The most prevalent group with known 
annotations were related to transcriptional regulation.  Genes involved with electron 
transport, ATP binding, ligases, and transferases were also identified as over-represented 
by their GO IDs (data not shown).   
 
DISCUSSION 
Microarray Analysis  
 The most obvious result of the microarray experiment is the disparity between 
genotypes in the number of genes differentially expressed in iron replete versus iron 
deficient conditions.  The Clark genotype analysis identified 835 differentially regulated 
genes when grown under iron sufficient and iron insufficient conditions.  The IsoClark 
analysis identified only 200.  The lack of SFPs among all but one of the differentially 
expressed genes suggests differences in expression level are not due to structural 
differences in the candidate genes, between the genotypes.  However, this does not 
preclude the possibility of structural differences in the promoter regions of the genes.   
The candidate genes identified with the microarray experiment suggest the Clark 
genotype is capable of recognizing the iron deficiency and eliciting a change in 
transcription patterns as a response to the stress.  To compensate for the lack of iron 
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 availability, the iron deficient Clark plant adjusts its physiological processes to ensure 
survival through the stress.  Alternatively, the IsoClark genotype does not appear to 
initiate an effective response to the iron deficient conditions.  The lack of differentially 
expressed genes in the IsoClark genotype, when comparing iron sufficient and iron 
deficient conditions, implies the iron deficient IsoClark plant continues to function as if 
still in iron sufficient conditions. However, the lack of iron as a cofactor in many of the 
basic biological processes results in a multitude of biological pathway failures, resulting 
in chlorotic plants.   
In Arabidopsis, iron deficiency stress causes an increase in the transcription of 
electron transport chain components.  Specifically, cytochromes are upregulated [33].  
Our experiment identified seventeen genes associated with cytochrome P450 in iron 
stressed Clark plants.  All seventeen genes were down-regulated in iron stressed tissue 
compared to non stressed tissue, the opposite response as seen in Arabidopsis plants [33].   
Thimm et al. proposed a correlation between iron deficiency stress and in induction of 
phosphoenolpyruvate carboxylase activity [33].  Four genes associated with 
phosphoenolpyruvate activity were identified as differentially expressed in the Clark 
genotype by microarray analysis.  All four of these genes were down regulated in plants 
grown under iron stress rather than in iron sufficient conditions.  Iron deficiency has also 
been shown to induce glycolytic activity [34].  There are three main enzymes involved in 
glycolysis; glyceraldehydes 3 phosphate dehydrogenase (G3PD), pyruvate kinase (PK), 
and fructose 6 phosphate kinase (F6PK). All three have been shown to be up-regulated in 
Arabidopsis [33] and cucumber [34] under iron deficiency stress.  Microarray analysis 
comparing Clark plants grown in iron sufficient and iron stressed conditions only 
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 identified a single G3PD and a single F6PK, both of which were down-regulated in the 
iron stressed tissue compared to iron sufficient tissue.  Seven genes associated with PK 
were identified in our microarray, again, all seven were down regulated.  The down 
regulation of the three main components of glycolysis suggests soybean, unlike 
Arabidopsis, does not increase non photosynthetic carbon fixation or 
phosphoenolpyruvate carboxylase activity under iron stressed conditions. The contrasting 
results support the hypothesis proposed by Zocchi et al. that soybeans do not follow 
canonical iron deficiency responses [35]. 
 Soybean does follow some of the established responses to iron deficient stress 
conditions.  It has been proposed that under iron deficient conditions citrate provides a 
carbon skeleton for chlorotic leaves to allow for sustained growth and respiration [36].  
Clark iron deficient stressed plants show a down regulation of citrate lyase (GO: 
0008815) in comparison to non-stressed plants.  The reduced breakdown of citrate in iron 
stressed plants lends credence to this hypothesis. Additionally, iron deficient conditions 
cause decreased activity of lipoxygenases [33].  All thirteen lipoxygenases identified by 
microarray analysis in the Clark genotype showed decreased expression in the iron 
stressed tissue compared to the iron sufficient tissue.  
The discrepancies between previously reported literature and soybeans iron 
deficiency response highlight the complexity of the iron stress response.  However, it is 
important to remember than transcriptional regulation is only one form of regulation.  
Posttranscriptional modification may be an important component to understanding 
soybean’s iron deficiency response, but that is beyond the scope of this investigation.   
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 GO Slim ID Analysis 
The Clark (iron efficient) genotype had an over-representation of genes in GO 
slim categories specific to iron availability/usage and categories associated with a more 
general stress response.   This reinforces the hypothesis that soybean induces both an iron 
specific and a more general stress response. A similar pattern was observed in a cDNA 
microarray experiment [14]. Additionally, the Clark genotype showed a statistically 
significant number of GO slim IDs that were over-represented related to DNA replication 
and DNA binding activity. The increased expression levels of genes involved in these 
processes is probably a result of the DNA repair required to prevent lethal mutations from 
ROS [37], which are more prevalent under conditions of stress [37].  DNA binding 
activity suggests the activity of transcription factors, which lead to dramatic expression 
changes downstream.  However, the down regulation of genes related to translation ie: 
GO0006412 (translation) and GO: 0006468 (protein amino acid phosphorylation) is 
indicative that the plant is not synthesizing normal proteins as it would under optimal 
growth conditions and is instead reducing the expression of genes involved in cellular 
processes not imperative to survival.  
The IsoClark genotype had many fewer GO categories significantly over or 
under-represented on our lists of candidate genes (Table 2) in comparison to Clark.  Only 
two of the GO classifications were related to iron GO:0008940 (nitrate reductase activity) 
and GO:0008382 (iron superoxide dismutase activity).  The remaining GO categories 
show little association to either a general or an iron specific stress response.  Again, as 
was previously reported, it appears the IsoClark genotype is unable to recognize or 
respond to the iron stress.  The IsoClark genotype had fewer genes differentially 
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 expressed due to iron deficiency and most of the genes that were differentially expressed 
are not associated with stress related pathways.   
Clusters of Co-Expressed Genes 
Expression analysis has been used in some model organisms to identify 
differentially expressed genes that are clustered together within the genome [16-21, 38, 
39].  These genomic neighborhoods are thought to be conserved by natural selection [19] 
but are not entirely explained by co-functionality [20].  The combined use of expression 
data with known QTL positions and expression clusters should further narrow the list of 
candidate genes to identify functionally important differences in the soybean genome 
affecting iron efficiency. 
 Co-expressed genes show a non random distribution throughout the genome [19, 
20]; similarly expressed genes are located in clusters.  Localized co-expression of genes 
has been reported in many different species including (but not limited to Arabidopsis [17, 
38, 39], rice [18], human [16, 40], and yeast [19]).  Williams et al [17] found genes 
located nearby in the genome and genes involved in the same pathways are more likely to 
be co-expressed.  The incidence of co-expressed gene clusters has been widely studied 
[16, 17, 19, 20, 40].  One proposed explanation is that the co-expressed genes are 
regulated by a common transcription factor.  Grouping these genes creates an increase in 
the abundance of binding sites specific to that transcription factor [40].  A related 
hypothesis suggests the co-expressed genes are regulated by similar promoter sequences, 
so a co-expression ‘neighborhood’ would increase the availability of these promoter 
sequences [21].  However, genomic studies have, as of yet, been unable to confirm either 
of the two hypotheses.  
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 Cluster analysis, as first reported by Grant et al. [30], was performed to 
determine if candidate genes identified by the microarray experiment were randomly 
distributed across the genome.  Iterative simulations modeling our data showed our 
candidate genes were not distributed evenly throughout the genome.  Using a sliding 
window of 1,000,000 bases, we identified more genes in smaller regions of the genome 
than expected by a random distribution of the differentially expressed genes with 3 – 8 
candidate genes per 1,000,000 bases (Tables 4 and 5).  The same patterning held true 
when the sliding window was reduced to 100,000 and 10,000 bases. The statistical 
significance comes from comparing the experimental data to the simulated data is found 
in the number of simulated standard deviations (SDs) the experimental data is from the 
simulated data (Simulation SD column in Tables 4 and 5).  When comparing clusters of 
three or more genes in either Clark or IsoClark, there is only one instance (3 genes per 
cluster, Table 4) where the difference between the experimental data and the simulation 
study is not statistically different.   
In the Clark genotype, with a window of 1,000,000 bases, there were thirty-six 
clusters of four genes and thirteen clusters of five genes per window identified in the 
experimental data.  There were only seven clusters of four genes and only a single 
occurrence of five genes clustering together in the simulation study.  The difference in 
SDs is 11.32 and 11.81 respectively, highly statistically significant.  The million base 
window allowed larger gene clusters to be identified in the experimental data (two 
clusters of both six and seven genes and a single cluster containing eight genes).  No 
clusters of these sizes were identified in the simulation study, further supporting the 
clustering hypothesis. When the window size is decreased to 100,000 or 10,000 bases, 
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 three genes in a cluster become significantly over represented in the experimental data 
compared to the simulation study.  The microarray experiment identified 22 clusters of 
three genes per 100,000 bases and seven clusters per 10,000 bases.  No clusters of three 
or more genes were identified in the simulation study at either window size.   
The IsoClark genotype identified fewer candidate genes in the microarray 
experiment, which reduces the number of gene clusters identified.  However, even with a 
reduced number of candidates, IsoClark still exhibited clustering of co-expressed genes.  
With a window of 1,000,000 bases, there were eight clusters of three genes identified in 
the experimental data, but only two clusters are identified in the simulation study.  
Though there are only six clusters different, the experimental data has a SD of 4.35 from 
the simulation study, well above the two required for statistical significance. There were 
no clusters greater than three genes identified in the IsoClark simulation, but there were a 
number of clusters with greater than three genes identified in the experimental data for 
IsoClark.  The retention of clusters, even among so few candidate genes, lends further 
support that the soybean genome has conserved genomic regions with co-expressed 
genes.   
Single Feature Polymorphisms (SFPs) 
 Identifying candidate genes for a trait of interest is the most widely used method 
of analyzing the data provided by microarray experiments.  However, mining the 
hybridization data to identify single feature polymorphisms (SFPs) provides a high 
throughput platform for detecting polymorphisms[41].  Single Nucleotide 
Polymorphisms (SNPs) are the most commonly recognized polymorphism, but 
identification is labor intensive and SNP coverage across the genome is fairly sparse [42]. 
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 It has been suggested that there is a greater probability of identifying a causal 
polymorphism for the trait of study using SFPs than traditional SNPs [42], perhaps due to 
better genic coverage. 
To date, only 3 molecular markers (Satt 481, Satt114, and Satt239) segregate with 
the iron efficiency trait in soybean across multiple populations [43, 44].  The 72 SFPs 
identified in the Clark genotype and the 98 SFPs identified in the IsoClark genotype 
relative to Williams 82 in this study have the potential to be developed into molecular 
markers specific to IDC.  Of particular interest may be the 72 SFPs from the Clark 
genotype as these SFP molecular markers may aide in selecting for iron efficiency.  
Determining which of the SFPs may potentially be used as molecular markers should 
begin with the SFPs located within known iron QTLs.  Initially, we hypothesized the 
SFPs would be in differentially expressed genes within known iron QTLs.  However, 
only one SFP (GmaAffx.41460.1.S1_at) was differentially expressed in IsoClark leaf 
tissue, and only 11 of the identified SFPs are located within known QTLs.  Other studies 
have shown the majority of SFPs identify sequences in non protein-coding sequences 
[45].  This dovetails nicely with our data, where the majority of SFP sequences have an 
unknown function and the largest class of annotated SFPs is transcription factors 
(Supplementary Table 4).  These SFP polymorphisms altering transcription and /or 
translation rates of key genes and proteins, or serving some other regulatory function in 
soybean iron homeostasis. 
Iron QTLs and the Soybean Genome 
 QTL mapping and marker assisted selection have been utilized by plant breeders 
for decades in the pursuit of crop improvement.  This approach has been especially 
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 important for quantitative traits such as iron deficiency chlorosis [5, 12, 44, 46]. Only in 
recent years have scientists been able to utilize microarray technology to examine gene 
expression on a global scale to identify candidate genes for their trait of interest. The 
development of the Affymetrix® GeneChip® Soybean genome array [47] means 
repeatable precision, providing more confidence to the microarray experiments than 
cDNA arrays. 
 The availability of the whole-genome soybean sequence has provided the ability 
to visualize the placement of candidate gene sequences within the genome.  This view 
will allow further insight into soybeans’ response to iron deficiency stress.  Nineteen 
QTL regions have been identified for iron deficiency chlorosis.  These regions represent 
approximately 182cM of genetic information.  Our initial hypothesis was that the 
majority of the genes identified in the microarray experiment would map within known 
iron QTL regions.  However, only 58 of the 835 (7%) candidates in the Clark genotype 
and 21 of the 200 (10%) in the IsoClark genotype mapped within known QTL regions 
(Figure 2). Thus, the majority of the candidate genes lie outside the region defined by the 
QTL. However, given the evidence of coordinate gene expression, gene clustering and 
conserved promoter motifs in our data, we have revised our previous hypothesis. We now 
believe the previously identified QTL regions likely correspond to transcription factors 
that regulate gene expression during iron stress.   While microarray experiments would 
identify IDC regulated genes whose expression changes in response to a transcription 
factor, they may not identify the transcription factor itself.  In contrast, QTL mapping 
would identify a mutation in a transcription factor, which is at the top of the signaling 
pathway. The mutation would effect either the expression of the transcription factor or its 
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 ability to bind to target promoters.  This hypothesis is supported by our data.  The 
clustering of co-expressed genes suggests they are being coordinately regulated.   This is 
supported by the conserved motifs identified in the promoter regions of candidate genes.  
Most often, motifs are conserved throughout a previously identified cluster of genes in 
Clark.  It is unlikely these motifs are missing or are altered in the promoter regions of the 
IsoClark genome.  More likely, IsoClark may have a mutation in the transcription factor 
that controls the expression of these genes. Only by combining QTL analyses, microarray 
analyses of NILs, and the genome sequence could this conclusion be reached. 
Conclusion 
 The use of near isogenic soybean lines, microarray analysis, SFP identification, 
and the sequence of the soybean genome has allowed us to identify individual genes lying 
within known iron efficiency QTLs whose expression levels are affected by iron 
availability.  We have also identified 11 conserved motifs in the promoter sequence of 
genes differentially expressed due to iron deficiency stress.  The 58 differentially 
expressed genes identified in Clark and 21 in IsoClark, located within known QTL 
regions, are the first genes identified by microarray analysis within QTL regions specific 
to iron deficiency stress. The conserved sequences throughout the promoter regions of the 
differentially expressed genes in the Clark genotype provide compelling evidence that the 
differential iron response is likely due to the differential expression or binding of a 
transcription factor. Co-expressed genes clustered either by physical proximity (Tables 4 
and 5) or through shared promoter motifs (Table 6) highlight the limitations of the use of 
QTL analysis as the majority of the differentially expressed genes lie outside QTL 
regions.  Additionally, both types of clustering suggest the control of soybeans’ iron 
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 deficiency response is regulated by the differential expression of a transcription factor or 
a mutation within the transcription factor, which affects its ability to bind to target 
promoter regions.  This implies the eight transcription factors differentially expressed in 
Clark under iron deficiency stress which are located within known iron QTL regions are 
the most likely candidate genes for the QTL.   Future research should focus on 
identifying additional transcription factors within the IDC QTL regions and functional 
analysis of the other 50 genes in Clark and 21 genes in IsoClark that map within the QTL 
regions.  Additionally, the conserved motifs identified by MEME in the promoter regions 
of iron deficiency induced genes can be used to mine the soybean genome for additional 
genes potentially affected by IDC, but which are not represented on the soybean 
Affymetrix® GeneChip®.   
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Table 1:  GO Slim Terms Over Represented in Candidate Genes from Clark   
 
 
GO Slim ID GO Term Description Number of 
Genes 
with GO 
ID  
Bonferroni 
Corrected 
P-Value 
GO:0000004 BP No GO Term 128 0 
GO:0006270 BP DNA Replication Initiation 10 0 
GO:0009611 BP Response to Wounding 36 0 
GO:0009695 BP Jasmonic Acid Biosynthesis 24 0 
GO:0006826 BP Iron Ion Transport 9 1.2E-07 
GO:0006879 BP Iron Ion Homeostasis 10 3.6E-07 
GO:0010039 BP Response to Iron Ion 9 5.28E-06 
GO:0009617 BP Response to Bacterium 8 0.000018 
GO:0006275 BP Regulation of DNA Replication 4 0.00303 
GO:0006972 BP Hyperosmotic Response 4 0.00303 
GO:0030397 BP Membrane Disassembly 8 0.004381 
GO:0008299 BP Isoprenoid Biosynthesis 10 0.006706 
GO:0009408 BP Response to Heat 20 0.014334 
GO:0019373 BP Epoxygenase P450 5 0.045066 
GO:0008199 MF Ferric Iron Binding 9 0 
GO:0008094 MF DNA-dependent ATPase Activity 10 1.29E-06 
GO:0016165 MF Lipoxygenase Activity 12 0.000128 
GO:0047763 MF Cafeate O-Methyltransferase 8 0.001014 
GO:0030337 MF DNA Polymerase Processivity Factor 4 0.001426 
GO:0005544 MF Calcium Dependent Phospholipid Binding 8 0.001965 
GO:0009978 MF Allene Oxide Synthase 5 0.017949 
GO:0046423 MF Allene Oxide Cyclase 4 0.020157 
GO:0008815 MF Citrate (Pro-3S) Lyase 5 0.029946 
GO:0009346 CC Citrate Lyase 5 0.002807 
 
 
GO Slim ID’s statistically over or under represented in the list of differentially expressed 
genes comparing Clark plants grown in iron sufficient and iron limiting hydroponics 
conditions in comparison to their presence on the Affymetrix® GeneChip®.  The GO 
Slim Column provides the GO Slim ID number and corresponding category. GO Slim 
categories are Biological Process (BP), Molecular Function (MF), and Cellular 
Component (CC).  The GO Term Description column contains the best description for the 
GO Slim ID.  The number of genes with GO ID column is the number of genes 
differentially expressed between Clark plants grown in iron sufficient and iron deficient 
hydroponics solutions with the corresponding GO Slim ID.  The Bonferroni Corrected P-
value is the statistical significance of the GO Slim ID.  Only GO Slim IDs with P-values 
equal to or less than 0.5 were considered statistically over or under represented in the list 
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 of differentially expressed genes in comparison to the presence of the GO Slim ID on 
the GeneChip®.     
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Table 2:  GO Slim Terms Over Represented in Candidate Genes  
 
GO Slim  GO Term Description Number of 
Genes with 
GO ID 
Bonferroni 
Corrected P 
Value 
GO:0006809 BP Nitric Oxide Biosynthesis 4 0.0006102 
GO:0010025 BP Wax Biosynthesis 5 0.00736524 
GO:0019953 BP Sexual Reproduction 5 0.01223184 
GO:0008940 MF Nitrate Reductase 4 0.00006192 
GO:0008382 MF Iron Superoxide Dismutase 3 0.01245882 
 
GO Slim Terms Over Represented in Candidate Genes from Comparison Between 
IsoClark Plants Grown in Iron Sufficient and Iron Deficient Hydroponics Solutions. GO 
Slim ID’s statistically over or under represented in the list of differentially expressed 
genes comparing Clark plants grown in iron sufficient and iron limiting hydroponics 
conditions in comparison to their presence on the Affymetrix® GeneChip®.  The GO 
Slim Column provides the GO Slim ID number and corresponding category. GO Slim 
categories are Biological Process (BP), Molecular Function (MF), and Cellular 
Component (CC).  The GO Term Description column contains the best description for the 
GO Slim ID.  The number of genes with GO ID column is the number of genes 
differentially expressed between IsoClark plants grown in iron sufficient and iron 
deficient hydroponics solutions with the corresponding GO Slim ID.  The Bonferroni 
Corrected P-value is the statistical significance of the GO Slim ID.  Only GO Slim IDs 
with P-values equal to or less than 0.5 were considered statistically over or under 
represented in the list of differentially expressed genes in comparison to the presence of 
the GO Slim ID on the GeneChip®. 
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 Table 4:  Clusters of Candidate Genes on 7X build of Soybean Genome from Clark  
 
 
1,000,000 base bins 
 
 
 
 
 
 
 
 
 
 
 
 
100,000 base bins 
 
 
 
 
 
 
 
 
 
10,000 base bins 
 
 
 
 
 
 
 
 
 
 
 
# of Genes: number of genes identified within the respective bin size of the simulation 
Simulation Mean: average number of times from 1,000 replicates that the number of 
genes were found within the respective bin size. 
Simulation SD : standard deviation of the Simulation Mean. 
Experimental Data: number of bins of the respective size with that number of genes 
identified by microarray analysis 
SD from Sim Mean: difference between experimental data and simulated data in terms of 
the SD calculated from simulated data (significance = 2).   
# of Genes Stimulation 
Mean 
Stimulation 
SD 
Experimental 
Data 
Sds from Sim 
Mean 
0 435 9 569 14.87 
1 344 14.61 188 -10.69 
2 136 8.83 99 -4.23 
3 36 5.12 44 1.57 
4 7 2.54 36 11.32 
5 1 1 13 11.81 
6 0  2  
7 0  2  
8 0  1  
# of Genes Stimulation 
Mean 
Stimulation 
SD 
Experimental 
Data 
Sds from Sim 
Mean 
0 9228 4.97 8926 -60.74 
1 704 9.72 486 -22.44 
2 27 4.74 98 14.98 
3 0  22  
4 0  2  
5 0  1  
# of Genes Stimulation 
Mean 
Stimulation 
SD 
Experimental 
Data 
Sds from Sim 
Mean 
0 95243 1.69 94678 -333.56 
1 754 3.38 593 -47.51 
2 3 1.69 71 40.12 
3 0  7  
4 0  0  
5 0  1  
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Table 5:  Clusters of Candidate Genes on 7X build of Soybean Genome from IsoClark  
 
 
1,000,000 base bins 
 
 
 
 
 
 
 
 
 
 
 
100,000 base bins 
 
 
 
 
 
 
 
 
 
10,000 base bins 
 
 
 
 
 
 
 
 
# of Genes: number of genes identified within the respective bin size of the simulation 
Simulation Mean: average number of times from 1,000 replicates that the number of 
genes were found within the respective bin size. 
Simulation SD : standard deviation of the Simulation Mean. 
Experimental Data: number of bins of the respective size with that number of genes 
identified by microarray analysis 
SD from Sim Mean: difference between experimental data and simulated data in terms of 
the SD calculated from simulated data (significance = 2).   
 
 
# of 
Genes 
Stimulation 
Mean 
Stimulation 
SD 
Experimental 
Data 
SDs from Sim 
Mean 
0 743 4.36 783 9.23 
1 191 8.14 118 -8.94 
2 24 4.02 38 3.41 
3 2 1.37 8 4.35 
4 0  7  
5 0  0  
6 0  0  
# of 
Genes 
Stimulation 
Mean 
Stimulation 
SD 
Experimental 
Data 
Sds from Sim 
Mean 
0 9357 1.8 9325 -17.84 
1 240 3.57 178 -17.26 
2 3 1.76 28 14.13 
3 0  4  
# of 
Genes 
Stimulation 
Mean 
Stimulation 
SD 
Experimental 
Data 
Sds from Sim 
Mean 
0 95754 0.57 95128 -1105.22 
1 245 1.13 199 -40.88 
2 0  22  
3 0  1  
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 Table 6.  Motifs in Promoter Regions of Differentially Expressed Genes  
 
 
Identified Motif Sequence  # 
Sequences 
containing 
Motif 
E- 
Value 
of 
Motif 
TRANSFAC 
Hit ID 
TRANSFAC 
Binding Site 
Sequence 
CATCCAACGGC 29 1.2E-1 M00227 TCCAACGGC 
CCCGCCACGCGCCAC 48 5.1E-26 M00187 GCCACGTGCC 
TGGCGGGA 50 5.8E-13 M00024 TGGCGCGA 
CCAAACCC 50 2.7E-5 No Hit  
CCACCACCACC 48 3.8E-16 No Hit  
ACACAACACAC 45 2.2E-10 No Hit  
AAAATAAAAATAAAA 9 2.27E-7 No Hit  
AATAAAAAAATAAAA 8 1.51E-7 No Hit  
AGCTAGCTAGC 6 1.47E-7 No Hit  
AGCGAGCGAGC 4 6.23E-8 No Hit  
AGCAAGCTAGC 3 2.47E-7 No Hit  
 
 
Identified by MEME and their similarity to Transcription Factor Binding Sites in the 
TRANSFAC Database 
Identified Motif Sequence: The motif sequence identified by MEME analysis in the 
promoter region of differentially expressed genes from the Clark genotype.  
# of Sequences containing Motif: The number of differentially expressed genes whose 
promoter regions contain the identified motif.   
Motif E-Value:  E-value of the motif assigned by MEME.  
TRANSFAC Hit ID:  The TRANSFAC ID of the transcription factor binding site 
showing high homology to the identified motifs.  Only three identified motifs 
showed homology to known transcription factor binding sites in the TRANSFAC 
database.   
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 TRANSFAC Binding Site:  The transcription factor binding site sequence.  Mismatched 
bases are between the identified motif and the reported binding site are 
underlined.  
 
 133 
 Chapter 5. Conclusions 
Conclusions 
 Iron deficiency chlorosis has been the subject of QTL studies and soybean 
breeding programs since the 1980’s [1-4].  Depending on the population, iron efficiency 
has been identified as the result of a major gene with minor modifying genes or as a more 
quantitative trait controlled by numerous genes [2-4].  Genes involved in iron reduction, 
uptake, and transport have been identified in model organisms such as rice and 
Arabidopsis [5-11], but have not yet been identified in soybean.  The research presented 
throughout this dissertation was performed to identify similar candidate genes in soybean 
in an effort to further understand soybeans’ iron efficiency.   
 Previous studies in soybean have identified regions of the soybean genome, 
QTLs, related to iron efficiency.  The nineteen QTL regions identified in previous studies 
account for approximately 182cM of the soybean genome and are each responsible for a 
certain percentage of the chlorosis exhibited in field trials.  The use of microarrays to 
compare the expression profiles of two near isogenic soybean lines, Clark, iron efficient, 
and IsoClark, iron inefficient, grown under iron stressed and iron non-stressed conditions 
allowed us to identify genes differentially expressed between the genotypes and within 
genotypes under different iron concentrations.  These microarray experiments have 
shown that under iron stress conditions iron efficient soybean plants initiate a generalized 
stress response and a more specific iron stress response.  The iron inefficient plant does 
not fully initiate either stress response.  In fact, the iron inefficient plants’ expression 
profile under iron stress conditions is remarkable similar to that under non-iron stress 
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 conditions. Iron deficiency stress appears to have long-term effects on the expression 
profiles of iron efficient plants.   
A global expression analysis, using the Affymetrix® GeneChip® Soybean 
Genome Array and the soybean genome sequence identified transcripts co-expressed 
under iron stress that are clustered in the genome, suggesting co-regulation.  This is 
supported by promoter sequence analysis which identified 23 conserved motifs, most 
likely indicating transcription factor binding sites.  This analysis supports the hypothesis 
that the differential iron response between iron efficient and iron inefficient plants is a 
result of mutation(s) either in the promoter region(s) or the coding sequence(s) of the 
transcription factor(s) regulating soybeans’ iron deficiency response.  The mutated or 
non-induced transcription factor in iron inefficient soybean lines is unable to affect 
changes in gene expression required for iron efficiency under iron stress conditions. 
  
Future Research 
  
 The results of this research have laid the foundation for a variety of future 
experiments.  One of the most promising, and easily implemented, experiments would be 
to develop the identified single feature polymorphisms into molecular markers.  These 
represent a pool of polymorphisms between the near isogenic lines.  Once developed as 
markers, these SFPs could possibly be used to screen germplasms to predict their iron 
efficiency.  This pool of readymade iron specific markers should substantially increase 
the number of markers to be used in IDC marker assisted selection programs.    
 The identification of conserved motifs in the promoter regions of the candidate 
genes suggests the differential iron response is due to a mutation in either the promoter 
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 region of the transcription factor or the coding region of the transcription factor itself.  
To test this, future experiments will need to identify what type of transcription factor 
binds to the identified conserved motifs.  Once the candidate transcription factors are 
identified, the QTL regions of the soybean genome should be screened to determine if 
any encoded within known IDC QTLs.  These would represent the most likely candidate 
genes.  I would propose these candidates be systematically silenced with virus induced 
gene silencing in both the iron efficient and inefficient NILs.  Plants should then be 
grown in both iron sufficient and iron inefficient hydroponics systems to determine if the 
silencing had any effect on soybeans’ iron efficiency.   
 Narrowing the genomic region of interest in IDC from 19 QTL regions to a few 
specific genes or small genomic regions, should assist plant breeders in improving 
soybeans’ iron efficiency.  This improved iron efficiency should minimize yield loss at 
the end of the season.   
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 Appendix:  Supplementary Table 3 
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 Appendix:  Supplementary Table 4 
Supplementary Table 4:  Identified SFPs 
SFP 
 
MLG Best   Hit 
UniProt ID 
GO TERM GO Annotation  
Gma.15061.1.S1_at A1 P35100 GO:0005524 ATP binding 
GmaAffx.50907.1.S1_at A1 Q1SMQ9 GO:0005509 Cation transport 
GmaAffx.61337.1.S1_at A1 Q2HU62 GO:0004553 Hydrolase Activity 
Gma.8011.2.S1_a_at A1 Q9FV81 GO:0006412 Protein Biosynthesis 
GmaAffx.93614.1.S1_at A1 Q1RV18 GO:0005515 Protein Folding 
GmaAffx.82088.1.S1_at A1 Q6ZGX8 GO:0006886 Protein Transport 
GmaAffx.90942.1.S1_at A1 Q40203 GO:0015031 Protein Transport 
Gma.4040.1.S1_at A1 Q1RY71 GO:0003700 Transcription Factor 
Gma.2069.1.S1_at A1 Q6Z918 GO:0004306 Transferase 
Gma.12885.1.A1_at A1 No UniProt    
Gma.5163.2.S1_at A1 Q1SBT2 GO:0005554 Unknown Function 
GmaAffx.11464.1.S1_at A1 Q9LS48 GO:0005554 Unknown Function 
GmaAffx.85311.1.S1_at A1 Q9FMN3 GO:0005554 Unknown Function 
Gma.4456.1.S1_at A2 Q9MUK5 GO:0004040 Amidase Activity 
Gma.16024.1.S1_s_at A2 Q1T4L1 GO:0015144 Carbohydrate 
Transport 
GmaAffx.79966.1.S1_at A2 Q2QQ50 GO:0003824 catalytic_activity 
GmaAffx.50907.1.S1_at A2 Q1SMQ9 GO:0005509 Cation transport 
GmaAffx.93166.1.S1_s_at A2 Q69F96 GO:0016760 Cellulose Synthase 
Gma.181.1.S1_at A2 Q93Y50 GO:0006633 fatty_acid_biosynthesis 
GmaAffx.31381.1.S1_at A2 Q8VYN6 GO:0006096 Glycolysis 
GmaAffx.61337.1.S1_at A2 Q2HU62 GO:0004553 Hydrolase Activity 
GmaAffx.79733.1.S1_s_at A2 Q39898  Kunitz trypsin inhibitor 
Gma.8776.1.S1_at A2 Q1SG75 GO:0016491 Oxidoreductase 
Gma.8011.2.S1_a_at A2 Q9FV81 GO:0006412 Protein Biosynthesis 
Gma.8911.1.S1_at A2 Q9SAG7 GO:0003723 RNA Binding 
GmaAffx.74113.1.S1_at A2 Q58I04 GO:0015770 Sugar Transport 
Gma.3510.1.S1_at A2 Q39658 GO:0003700 Transcription Factor 
Gma.2069.1.S1_at A2 Q6Z918 GO:0004306 Transferase 
GmaAffx.41460.1.S1_at A2 No UniProt    
GmaAffx.64946.1.S1_at A2 No UniProt    
GmaAffx.85112.1.S1_at A2 Q7XPH4 GO:0005554 Unknown Function 
Gma.978.1.S1_at B1 Q6H4P7 GO:0005524 ATP binding 
Gma.2101.1.S1_at B1 Q9M6N2 GO:0016301 Kinase Activity 
Gma.2977.2.S1_a_at B1 Q9FKI4 GO:0008080 N-acetyltransferase 
activity 
Gma.6914.1.A1_at B1 Q1RW61 GO:0006388 Translation 
Gma.17504.1.S1_at B1 No UniProt    
Gma.9816.1.S1_at B1 No UniProt    
GmaAffx.80241.1.S1_s_at B1 No UniProt    
Gma.5866.1.S1_x_at B1 Q9XIA7 GO:0005554 Unknown Function 
GmaAffx.92301.1.S1_s_at B1 Q1SZU3 GO:0005554 Unknown Function 
GmaAffx.47078.1.A1_at B2 Q6Z1G7 GO:0004739 Dehydrogenase 
Gma.2977.2.S1_a_at B2 Q9FKI4 GO:0008080 N-acetyltransferase  
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 Supplementary Table 4 (Continued) 
 
GmaAffx.80323.2.S1_at B2 No UniProt    
Gma.1477.1.S1_at B2 Q1SZZ7 GO:0005554 Unknown Function 
Gma.3265.1.S1_at B2 Q6EP64 GO:0005554 Unknown Function 
GmaAffx.38910.1.S1_at B2 Q1SS74 GO:0005554 Unknown Function 
GmaAffx.47461.1.S1_at B2 Q1RWC1 GO:0005554 Unknown Function 
GmaAffx.72674.1.S1_at B2 Q9SU16 GO:0005554 Unknown Function 
GmaAffx.88213.1.S1_at B2 Q8VY47 GO:0005554 Unknown Function 
GmaAffx.3025.1.S1_at C1 Q69ST5 GO:0005524 ATP binding 
Gma.2977.2.S1_a_at C1 Q9FKI4 GO:0008080 N-acetyltransferase 
activity 
Gma.17343.1.A1_at C1 No UniProt    
GmaAffx.8019.1.S1_at C1 No UniProt    
Gma.404.1.A1_at C1 Q76DY0 GO:0003700 Transcription Factor 
Gma.7761.1.S1_a_at C1 Q9SLZ4 GO:0003700 Transcription Factor 
Gma.3712.1.S1_s_at C1 Q7XYY0  Unknown Function 
GmaAffx.3025.1.S1_at C2 Q69ST5 GO:0006418 ATP binding 
GmaAffx.20345.1.S1_at C2 Q1T0B2 GO:0016126 Sterol Biosynthesis 
Gma.4461.1.S1_at C2 No UniProt    
GmaAffx.19097.1.S1_at C2 No UniProt    
Gma.11156.1.S1_s_at C2 Q5JML5 GO:0005554 Unknown Function 
Gma.3712.1.S1_s_at C2 Q7XYY0 GO:0005554 Unknown Function 
Gma.5866.1.S1_x_at C2 Q9XIA7 GO:0005554 Unknown Function 
Gma.8653.1.A1_at C2 Q9LXZ7 GO:0005554 Unknown Function 
GmaAffx.31836.1.S1_at C2 Q8LCV7 GO:0005554 Unknown Function 
GmaAffx.84246.1.S1_at C2 Q9LYD7 GO:0005554 Unknown Function 
Gma.978.1.S1_at D1a Q6H4P7 GO:0006418 ATP binding 
GmaAffx.83700.1.S1_at D1a Q1S6W0 GO:0016787 Hydrolase Activity 
Gma.2101.1.S1_at D1a Q9M6N2 GO:0016301 Kinase Activity 
GmaAffx.78358.2.S1_at D1a Q948H2 GO:0019252 Starch Biosynthesis 
GmaAffx.28966.1.S1_at D1a No UniProt    
GmaAffx.61076.1.S1_at D1a No UniProt    
Gma.4188.3.S1_a_at D1a Q8RWD4 GO:0005554 Unknown Function 
GmaAffx.52400.1.S1_s_at D1a Q9FHY6 GO:0005554 Unknown Function 
GmaAffx.92301.1.S1_s_at D1a Q1SZU3 GO:0005554 Unknown Function 
Gma.2424.2.S1_a_at D1B Q1SSV5 GO:0006914 Autophagy 
Gma.10827.3.S1_at D1B Q9LJ66 GO:0005506 Cation transport 
Gma.17592.1.S1_at D1B P49299 GO:0004108 Citrate Synthase 
GmaAffx.91660.1.S1_at D1B Q6RIB6 GO:0016615 Dehydrogenase 
GmaAffx.86105.1.S1_at D1B Q71QD5  Protein Metabolism 
GmaAffx.1301.47.A1_at D1B No UniProt  GO:0003700 Transcription Factor 
Gma.13209.1.S1_at D1B No UniProt    
Gma.14204.1.A1_at D1B No UniProt    
Gma.2811.1.S1_at D1B No UniProt    
Gma.3997.1.S1_at D1B Q1S258   
GmaAffx.53416.1.S1_at D1B No UniProt    
GmaAffx.82973.1.S1_at D1B No UniProt     
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GmaAffx.83133.1.S1_at D1B No UniProt    
Gma.3265.1.S1_at D1B Q6EP64 GO:0005554 Unknown Function 
GmaAffx.72674.1.S1_at D1B Q9SU16 GO:0005554 Unknown Function 
GmaAffx.15192.1.S1_at D2 Q1T1I6 GO:0006812 Cation transport 
GmaAffx.89881.1.S1_at D2 Q8GUR9 GO:0006118 Electron Transport 
Gma.3138.1.S1_at D2 Q9S9W2 GO:0016491 Oxidoreductase 
Gma.10873.1.S1_s_at D2 No UniProt    
Gma.17683.1.S1_at D2 No UniProt    
Gma.10605.1.S1_at D2 Q9LYH6 GO:0005554 Unknown Function 
Gma.5163.2.S1_at D2 Q1SBT2 GO:0005554 Unknown Function 
Gma.8881.1.A1_at D2 Q9FJL6 GO:0005554 Unknown Function 
GmaAffx.24966.1.S1_at D2 Q9SN77 GO:0005554 Unknown Function 
Gma.3204.1.S1_at E Q6PP98 GO:0006418 ATP binding 
Gma.8774.1.A1_at E Q6ATY7 GO:0015087 Cation Transport 
Gma.13363.1.S1_s_at E Q1PCR8 GO:0006118 Electron Transport 
Gma.3203.1.S1_at E No UniProt  GO:0016301 Kinase Activity 
GmaAffx.24398.1.A1_at E Q1SP65 GO:0005515 Protein Folding 
GmaAffx.92612.1.S1_s_at E Q2PEV8 GO:0003723 RNA Binding 
Gma.7761.1.S1_a_at E Q9SLZ4 GO:0003700 Transcription Factor 
GmaAffx.18381.1.S1_at E Q9FI73 GO:0006810 Transport 
GmaAffx.54736.1.S1_at E No UniProt    
Gma.11156.1.S1_s_at E Q5JML5  Unknown Function 
GmaAffx.13040.1.S1_at E Q6Z1R9  Unknown Function 
Gma.6764.1.S1_at F Q6YZH8 GO:0009097 Amino Acid 
Biosynthesis 
Gma.3904.1.S1_x_at F P49597 GO:0003824 catalytic_activity 
GmaAffx.15192.1.S1_at F Q1T1I6 GO:0006812 Cation Transport 
GmaAffx.31689.1.S1_at F Q9SYM7 GO:0005506 Cation Transport 
Gma.13363.1.S1_s_at F Q1PCR8 GO:0006118 Electron Transport 
GmaAffx.5496.1.S1_at F Q6S4R9 GO:0016787 Hydrolase Activity 
Gma.9902.1.A1_at F Q94JU3 GO:0004708 Kinase Activity 
GmaAffx.40133.1.S1_at F Q1SMG8 GO:0016829 Lyase Activity 
GmaAffx.7213.1.A1_at F Q8S3S6 GO:0003676 Nucleic Acid Binding 
Gma.14194.1.A1_at F Q8GYC2 GO:0016925 Protein Metabolism 
Gma.16526.1.S1_at F Q2R4U5 GO:0006508 proteolysis 
Gma.8911.1.S1_at F Q9SAG7 GO:0003723 RNA Binding 
GmaAffx.92612.1.S1_s_at F Q2PEV8 GO:0003723 RNA Binding 
Gma.4463.1.S1_at F Q6TKQ3 GO:0006355 Transcription Factor 
Gma.7761.1.S1_a_at F Q9SLZ4 GO:0003700 Transcription Factor 
GmaAffx.51287.1.S1_at F P56820 GO:0003743 Translation 
Gma.9401.1.S1_at F No UniProt    
GmaAffx.1268.1.S1_at F No UniProt    
Gma.4188.3.S1_a_at F Q8RWD4 GO:0005554 Unknown Function 
GmaAffx.16959.1.S1_s_at F Q9FN38 GO:0005554 Unknown Function 
GmaAffx.73763.1.S1_at F Q9LKA5 GO:0005554 Unknown Function 
GmaAffx.75685.1.S1_at F Q2HWC9 GO:0005554 Unknown Function  
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GmaAffx.88213.1.S1_at F Q8VY47 GO:0005554 Unknown Function 
Gma.3137.1.S1_at G Q1T3D6 GO:0006812 Cation Transport 
GmaAffx.93166.1.S1_s_at G Q69F96 GO:0016760 Cellulose Synthase 
GmaAffx.31381.1.S1_at G Q8VYN6 GO:0006096 Glycolysis 
Gma.16673.1.A1_at G No UniProt    
GmaAffx.87763.1.S1_at G Q2V398 GO:0006730 Protein Metabolism 
Gma.3510.1.S1_at G Q39658 GO:0003700 Transcription Factor 
Gma.7768.1.A1_s_at G Q9SH93 GO:0005554 Unknown Function 
Gma.5734.1.S1_at H Q7XY14 GO:0017004 Cytochrome 
Gma.6749.1.S1_at H Q2HSH7 GO:0004407 Histone Deaceetylase 
Gma.14194.1.A1_at H Q8GYC2 GO:0016925 Protein Metabolism 
Gma.16753.1.S1_at H Q9SAA2 GO:0006508 proteolysis 
Gma.13456.1.S1_at H Q93YQ0 GO:0003723 RNA Binding 
Gma.10222.1.A1_at H No UniProt    
Gma.5866.1.S1_x_at H Q9XIA7 GO:0005554 Unknown Function 
Gma.2120.1.S1_at I Q330L2 GO:0015385 Cation transport 
Gma.15264.1.S1_at I Q1SM16 GO:0003676 Nucleic Acid Binding 
GmaAffx.20686.1.A1_at I No UniProt  GO:0006457 Protein Folding 
GmaAffx.89933.1.S1_at I O65844 GO:0000163 Protein Metabolism 
Gma.12340.1.S1_at I No UniProt  GO:0005529 Sugar Binding 
GmaAffx.88272.1.S1_at J Q9C5K4 GO:0005524 ATP binding 
Gma.4374.1.S1_s_at J Q2MJ15 GO:0005506 Cation transport 
GmaAffx.16523.1.S1_at J Q5N8C4 GO:0016301 Kinase Activity 
GmaAffx.77832.1.S1_at J Q9FX34 GO:0006499 Protein Metabolism 
GmaAffx.1301.47.A1_at J No UniProt  GO:0003700 Transcription Factor 
GmaAffx.11179.2.S1_s_at J No UniProt    
GmaAffx.15811.1.A1_at J No UniProt    
GmaAffx.77266.1.S1_at J No UniProt    
GmaAffx.90082.1.S1_s_at J No UniProt    
Gma.16023.2.S1_at K Q9FMX7 GO:0003824 catalytic_activity 
Gma.1909.1.S1_at K No UniProt    
GmaAffx.27319.1.S1_at K P93045 GO:0005515 Protein Folding 
GmaAffx.77832.1.S1_at K Q9FX34 GO:0006499 Protein Metabolism 
GmaAffx.18381.1.S1_at K Q9FI73 GO:0006810 Transport 
Gma.3700.2.S1_at K O22164 GO:0005554 Unknown Function 
Gma.4653.1.S1_at K Q5YJQ1 GO:0005554 Unknown Function 
Gma.1955.4.A1_at L Q5PYQ5 GO:0005509 Cation transport 
GmaAffx.47203.1.S1_at L Q9FV54 GO:0005506 Cation Transport 
Gma.12704.1.A1_at L Q2MZW1 GO:0019825 Oxidase 
GmaAffx.75422.1.S1_at L No UniProt  GO:0006499 Protein Metabolism 
Gma.7757.1.S1_at L Q93XA0 GO:0003700 Transcription Factor 
Gma.5974.1.S1_at L Q1SCD5 GO:0005525 Translation 
Gma.13798.1.A1_at L No UniProt    
Gma.602.1.S1_at L No UniProt    
Gma.9330.1.S1_at L No UniProt    
GmaAffx.33971.1.A1_at L No UniProt     
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Gma.4374.1.S1_s_at M Q2MJ15 GO:0005506 Cation transport 
Gma.5994.1.S1_at M Q1SRH3 GO:0004869 Cysteine Protease 
GmaAffx.45517.1.S1_at M Q9M3Y4 GO:0045735 Nutrient Reservoir 
Activity 
Gma.8776.1.S1_at M Q1SG75 GO:0016491 Oxidoreductase 
Gma.12223.1.S1_at M Q1SF86 GO:0005515 Protein Folding 
Gma.8911.1.S1_at M Q9SAG7 GO:0003723 RNA Binding 
Gma.7058.1.A1_at M Q1T4P7 GO:0003700 Transcription Factor 
GmaAffx.77266.1.S1_at M No UniProt    
Gma.1289.1.S1_at M Q05929 GO:0005554 Unknown Function 
Gma.7768.1.A1_s_at M Q9SH93 GO:0005554 Unknown Function 
GmaAffx.26598.1.S1_at M Q9LFC2 GO:0005554 Unknown Function 
Gma.1955.4.A1_at N Q5PYQ5 GO:0005509 Cation transport 
Gma.7757.1.S1_at N Q93XA0 GO:0003700 Transcription Factor 
Gma.7757.1.S1_at N Q93XA0 GO:0003700 Transcription Factor 
GmaAffx.47461.1.S1_at N Q1RWC1 GO:0005554 Unknown Function 
GmaAffx.72771.1.A1_at O Q1SKU8 GO:0008270 Cation transport 
Gma.15264.1.S1_at O Q1SM16 GO:0003676 Nucleic Acid Binding 
GmaAffx.76755.1.S1_at O Q8L960 GO:0003723 RNA Binding 
Gma.5974.1.S1_at O Q1SCD5 GO:0005525 Translation 
GmaAffx.92783.1.S1_s_at O Q58I24 GO:0003746 Translation 
Gma.16925.1.A1_at O No UniProt    
Gma.2811.1.S1_at O No UniProt    
Gma.3997.1.S1_at O Q1S258   
GmaAffx.20697.1.S1_at O No UniProt    
GmaAffx.4898.2.S1_at O No UniProt    
GmaAffx.51828.1.S1_s_at O No UniProt    
GmaAffx.60948.1.S1_at O No UniProt    
GmaAffx.67495.1.S1_at O No UniProt    
Gma.13769.1.S1_at Unkn
own 
No UniProt    
Gma.602.1.S1_at Unkn
own 
No UniProt    
GmaAffx.32146.1.S1_at Unkn
own 
Q6QXZ8 GO:0009775 Electron Transport 
  
 
 
 
 
